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1.0  INTRODUCTION 

This repor t  provides a summary  of the pertinent t ra jec tory  analysis 
studies that explain the "how and why" of var ious flight plan c r i t e r i a  for  all 
Apollo missions.  In addition, the design t ra jec tory  c r i t e r i a  will be included 
and the pertinent design t ra jector ies  presented for  the var ious sys tems such 
as s t ruc tures ,  heat shield, guidance and navigation sys tems,  and 
environmental  control sys tems.  This document will be revised periodically 
as m o r e  detail is  included in the requirements  analyses.  

- 1 -  
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2.0 NOMENCLATURE AND SYMBOLS D 
2.1 Apollo Flight Phase  Definitions. - The definition of the Apollo 

flight phases a r e  presented in  sequence for the ear th  orbital  and the lunar 
missions.  
and a r e  not repeated. 

Flight phases common to more  than one mission a r e  so indicated 

2.1.1 Ear th  Orbital Mission. - 

2.1.1.1 Ascent. - Ascent defines the period between launch vehicle 
liftoff and ear th  orbi t  injection. The ascent phase includes: 

1 s t  Stage Boost 

1 st Stage Separation 

2nd Stage Boost Into Earth Orbit  

The ascent  phase i s  common to all  missions.  

D 

2.1.1.2 Ear th  Orbit. - Earth orbit  begins a t  the termination of second 
The ear th  stage burning and ends a t  the initiation of the orbi t  ejection phase. 

o rb i t  phase includes the separation of the Apollo Spacecraft  f rom the launch 
vehicle and all  spacecraf t  attitude control maneuvers.  

2.1.1.3 Orbital Maneuvers. - The orbi ta l  maneuver f l i gh t  phase shall 
be used to change the orbi ta l  elements o r  to simulate rendezvous. 

2.1.1.4 Orbit Ejection. - Defines the r e t r o  powered flight phase 
required to place the spacecraft  on a de-orbi t  coast  trajectory.  

2.1.1.5 De-Orbit Coast. - De-orbit coast  follows orbi t  ejection, 
continues through the vacuum descent f rom orbi t  and terminates  a t  the entry 
interface. The command module is separated f rom the serv ice  module and 
or iented for entry during this phase. 

2.1.1.6 Entry. - Entry begins at  the entry interface (400, 000 feet) and 
ends a t  the recovery interface altitude (100, 000 feet). 
includes : 

The entry phase 

(a )  Pull-up to horizontal flight 

(b) Transit ion from Pull-up to Glide 

(c)  Glide to Recovery Interface 

The entr)- phase is common to al l  missions.  

- 3 -  - 
SID 6 2 - 3 3 8  



N O R T H  A M E R I C A N  A V I A T I O N ,  INC.  SPACE and INFORMATION SYS'I'I*:I\fS 1>1 \'ISION 

, .  * 

2.1.1.7 Recover . - Recovery begins a t  the recovery interface 
(100,000 feet) 4 an en s a t  touchdown. The recovery phase includes: 

r (a) Glide to Drogue Chute deployment 

(b) Drogue Chute deployment and descent 

(c) Main Chute deployment and descent 

The recovery phase is common to all missions,  

2.1.2 Circumlunar Mis sion. - 
2.1.2.1 Earth Orbit. - F o r  the lunar missions the ea r th  orb i t  is used 

to place the spacecraft  and the launch vehicle in the iner t ia l  position required 
for translunar injection. Included in this phase a re :  

(a) Second Stage Separation 

(b) Coast Attitude Control 

This phase is common to all  lunar  missions.  

2.1.2.2 Translunar Injection. - Translunar  injection begins a t  the 
s t a r t  of the powered firing sequence of the launch vehicle final stage and 
terminates  at launch vehicle engine shutdown. 
down will yield a f r e e  re turn  circumlunar  trajectory.  

The velocity vector a t  shut- 
Included a re :  

(a) Fir ing Sequence pr ior  to Engine Ignition 

(b) Launch Vehicle Stage Boost 

This phase is common to all lunar  missions.  

2.1.2.3 Translunar Coast. - Translunar  Coast follows t ranslunar  
injection and terminates a t  perilune. This phase includes: 

(a) Separation of the Launch Vehicle f rom the Spacecraft  

( b )  Required mid-course velocity correct ions provided by 
the Service Propulsion System. 
module propulsion for  the landing mission)  

(The lunar  landing 

(c) Attitude Control Maneuvers 

This phase i s  common to all  lunar  missions.  

c - 4 -  
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c- 
2.1.2.4 Transear th  Coast. - Transear th  coast  commences at perilune 

for  the circumlunar  mission and a t  t ransear th  injection for  the lunar  orb i t  
and the lunar  landing mission. 
and includes: 

This phase is common to all lunar  missions 

(a) Required mid-course velocity correct ions provided by the 
Service Propulsion System 

(b) Attitude control maneuvers  

( c )  Separation of the command module f rom the service module 
af ter  the final mid-cour se  velocity correct ion 

(d) Orientation of the command module for  entry. 

2.1.3 Lunar  Orbit Mission. - 

2.1.3.1 Lunar Orbit  Injection. - The Lunar Orbit  Injection is a r e t ro  
power phase initiated at perilune to reduce hyperbolic approach velocity to 
lunar  orbital  velocity. 

NOTE: 
lunar  orb i t  mission and the Landing Module Propulsion for  the landing 
mission. This phase includes the fir ing sequence, pr ior  to engine ignition, 
and is common to both the lunar orbi t  and landing missions.  

The Service Propulsion System provides the r e t ro  velocity for  the 

2.1.3.2 Lunar Orbit. - The lunar orb i t  follows lunar  orbi t  injection 
fo r  both the orb i t  mission and the landing mission. 
mission i t  follows the lunar  ascent phase a s  well. 
fo r  lunar surveil lance and for  proper positioning of the spacecraf t  for  lunar 
landing o r  t ransear th  injection. Specifically the orbi ts  used for  the landing 
mission, following lunar orb i t  injection o r  lunar  ascent,  a r e  called the 
"approach orbit" and "departure orbit" respectively. This phase includes 
all attitude control maneuvers  and is common to both the lunar orb i t  and the 
landing missions.  

In the case  of the landing 
The lunar  orb i t  is used 

2.1.3.3 Transear th  Injection. - The t ransear th  injection is a powered 
phase, that follows lunar  orbi t  and utilizes the Service Propulsion System to 
provide the velocity vector  a t  shutdown required to satisfy entry constants. 

2.1.4 Lunar Landing Mission. - 

2.1.4.1 Lunar Orbital Transfer.  - The lunar orbital  t ransfer  i s  a 
shor t  r e t ro  powered phase from c i rcu lar  lunar orbit, utilizing the Landing 
Module Propulsion followed by a coasting 180" descent, to place the space- 
c r a f t  in position fo r  a lunar landing approach. This t ransfer  may be  used fo r  

- 5 -  
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lunar  surveillance on orb i t  miss ions  with 
propulsion. For  this case  the spacecraf t  

the serv ice  module providing the 
shall  be allowed to coast  back to 

i t s  original altitude pr ior  to applying a small  velocity increment  that 
r e  -establishes a c i rcu lar  orbit. 
to engine ignition and attitude control maneuvers during coasting flight. 

This phase includes firing sequences pr ior  

2.1.4.2 Main Retro. - The main r e t r o  phase s t a r t s  a t  
Hohmann t ransfer  and terminates  a t  
landing module propulsion sys tem i s  used to slow the 
ze ro  velocity while steering i t  to a position 
landing site. This phase includes the firing 

2.1.4.3 Lunar Landing. - The 
mately 1, 000 f t  and terminates  at lunar  touchdown. 
selection, translation, and touchdown. The lunar  landing is accomplished 
by using the landing module propulsion system. 

It includes hover, s i te  

2.1.4.4 Lunar Ascent. - Lunar ascent begins at lunar  liftoff and 
terminates  at injection into lunar  orbit. 
using the Service Propulsion System. 

Lunar ascent  is accomplished by 

2.2 Symbols. - 

e e c c entr  i c i  ty 

g acceleration o r  deceleration in units of 
ear th  g 

GHA Greenwich hour angle, deg. 

G load fact  o r  

h altitude, ft, n. mi l e s  

i, i inclination angle, deg. 

I, I specific impulse, sec. 

L/D lift-to-drag ratio 

SP 

M Mach number 

dynamic p res su re ,  psf. 

R radius,  ft, n. miles .  Also range, n. mi les  

- 6 -  
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T thrust ,  lbs.  

t t ime 

U node -to -vehicle angle, deg. 

V velocity (inertial  re fe rence  except during 
atmospheric flight), fps. 

W weight of subject vehicle, lbs. 

W/CDS entry weight-drag parameter ,  lb / sq  ft. 

W R T  with respect  to . . . 
in-plane angle, range angle, deg. P 

6 

€ 

Y 

P 

e 

out-of -plane angle ( re la t ive inclination), 
deg. 

angle of abort  engine thrust  vector relative 
to x-axis 

flight path angle relative to local 
horizon tal  , de g . 
angular regress ion  of node (due to ear th ' s  
bulge), deg. 

argument of perifocus, deg. 

angular advance of perigee (due to ear th ' s  
bulge), deg. 

declination of moon, deg. 

vehicie bank angie (during entry),  deg. 

la te ra l  range angle, deg. 

azimuth (clockwise f rom north), deg. 

right ascension of the moon, deg. 

body attitude, longitude, deg. 

- 7  - 
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bb ascending node, deg. 

I descending node, deg. V 
2.3  Subscripts. - 

C 

E, EN,  RE 

I 

L 

0 

ORB 

P 

TE 

V 

06 

2.4 Definitions. - 

charac te r i s  tic, coast  

entry,  r e  -entry 

injection, ejection 

launch 

lunar ,  moon 

initial, s e a  level 

orb i t  

perifocus, perilune, perigee 

t rans  ear th  

ver t ical  

in a vacuum environment, a t  infinity 

Apogee 

Azimuth 

Declination 

The point on a geocentric elliptical o rb i t  
fa r thes t  f rom the center of the earth. 

Angle f r o m  the north meridian to the normal  
projection of the velocity vector on the local 
horizontal plane. N-E-S-W rotation. 

A hypothetical sphere of infinite radius 
centered a t  the observer  and referenced to 
the axis of rotation of the ear th  and the 
vernal equinox. 

Angle between the position vector  and i t s  
normal  projection on a reference plane. 

Celestial Sphere 

w ’  .. I - 8 -  

SID 6 2 - 3 3 8  

~~ 



N O R T H  A M E H i C A N  A v i A T i O N ,  INC. SPACE and INFORMATION SYSTEMS DIVISION 

c o v  
Elevation Angle between the velocity vector and its 

normal  projection on the local horizontal 
plane. 

Geocentric Referenced to the center of the earth.  

Inclination Angle (in a plane normal  to the line of nodes) 
between the orbi t  plane and a reference 
plane. 

Lunic en t r i c  

Nodes 

P e r  i f  o cus 

Per igee  

Peri lune 

Referenced to the center of the moon. 

The points of intersection on a reference 
sphere  of two grea t  c i rc le  planes. 

The point on an orbi t  neares t  the dynamical 
center. 

The point on a geocentric orb i t  nea res t  the 
center  of the earth.  

The point on a lunicentric orbi t  nea res t  the 
center  of the moon. 

Right Ascension Angle between the normal projection of the 
position vector on a reference plane and a 
reference axis in the reference plane. 

- 9 -  - 
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3.0 FLIGHT PLAN CRITERIA 

3.1 General. - The following flight plan c r i t e r i a  shall  apply to a l l  
manned Apollo missions.  

3.1.1 Launch Site. - The launch site shall  be Cape Canaveral, Florida.  
The launch azimuths shal l  be within range safety requirements .  

3.1.2 Landing Sites. - The p r i m a r y  landing site shall  be a t  a latitude 
of 29.48 degrees  N and longitude of 99.00 degrees  W (San Antonio, Texas).  
The secondary s i te  shall  be a t  a latitude of 29.48 degrees  S and longitude 
of 135. 00 degrees  E (Woomera, Australia).  

3.1.3 Flight Time Capability. - Spacecraft sys tems shall  be capable 
of performing a t  their  nominal design performance level for a mission of 14 
days without resupply. F o r  lunar landing missions,  7 of the 14 days may  
be spent on the lunar surface.  

3.1.4 Entry and Recovery. - The spacecraft  shall  have the capability 
of initiating an entry ana landing maneuver at  any time during any mission. 
This i s  qualified to the extent that spacecraf t  propulsion limitations may  
requi re  a t ime delay p r io r  to initiating abort  for re turn  to a specific landing 
site.  
a s  a resul t  of available character is t ic  velocity. 

Abort analyses of each mission shall  determine the abort  delay t ime 

3.2 Ear th  Orbital  Mission (Phase  A).  - 

3.2.1 Recovery Requirements F r o m  Orbit. - The spacecraf t  shall  be 

Sufficient alternate s i tes  shall  be designated to 
capable of landing a t  the p r imary  site ( o r  the secondary s i te)  f rom three 
consecutive orbits per  day. 
provide recovery capability f rom any single orbit. 
minimum number of s ix  s i tes  located 60 degrees  apa r t  along the north o r  
south paral le ls  corresponding to the latitude of the p r imary  site.  
number will depend upon geographical and political considerations. 

This necessitates a 

The final 

3.2.2 Orbital Altitudes. - The spacecraft  systems shall  be capable 
of performing at  their  normal  design performance level within orbi ta i  
altitude l imits of 90 nautical miles to 400 nautical miles .  
t ime  requirement of 14 days (maximum) wil l  be modified in the lower 
altitude levels to correspond to natural  orbital  lifetime limits. 

The orbital  flight 

3.2.3 Orbital Inclination. - Orbital inclination shall  be selected on 
the basis  of minimum ejection hV requirements that satisfy the recovery 
( three  consecutive pas ses )  requirements for the latitude of the selected 
landing site.  
the design inclinations shall  be based on the maximum and minimum 

Since the optimum inclination is also related to orbi t  altitude, 

. 6 '  - 11 - 
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attainable orbital  altitude. The orbital  inclination and subsequent entry and 
recovery t ra jectory shall  define GOSS t rack  requirements .  However, these 
requirements  shall be compatible with existing tracking stations. 

3 . 2 . 4  Launch Azimuths. - The required launch azimuths f r o m  Cape 
Canaveral  a r e  determined by orbital  inclination and range safety. 

3 . 2 . 5  Injection Altitude. - The maximum allowable injection altitude 
at orbit  injection shall  be defined by a d i rec t  ascent  optimum boost t ra jec tory  
(maximum payload) having the following constraint:  
velocity-altitude-path angle, at any t ime during boost shall  be consistent 
with those flight conditions defining the safe abort  corr idor .  
en t ry  conditions f o r  abort  a r e  defined by a 20 g load factor.  
allowable injection altitude shall  be defined by the maximum (3a) guaranteed 
orbi ta l  altitude attainable with a single engine out ( f rom lift-off) of the S-I 
stage (C- 1 launch vehicle). 

The combination, 

The allowable 
The minimum 

3 . 2 . 6  Orbital Maneuvers, - Spacecraft  sys tems shall  be capable 
of performing orbital  maneuvers  of sufficient duration and magnitude f o r  
sys tems checkout, midcourse correct ions and mission objectives that may  
require  maneuvers.  

3 . 2 . 7  Orbit Ejection. - The predicted spacecraf t  position at orbit  
ejection shal l  be defined by the t ime taken between ejection and the recovery 
interface altitude corresponding to a preselected t ra jectory.  The ejection 
maneuver requirements ( thrus t  vector orientation and magnitude) shall  be 
determined by the following cr i te r ia :  
4 0 0  nautical miles,  ( 2 )  maximum out-of-plane touchdown range, ( 3 )  
maximum aerodynamics maneuver envelope, and (4)  minimum guidance 
sensitivity. 

(1)  orbi ta l  altitudes between 9 0  and 

3 . 2 . 8  Atmospheric Entry. - The nominal entry t ra jectory associated 
with the predicted ejection position point shal l  be based upon the range 
associated with an equilibrium glide t ra jec tory  corresponding to an L / D  of 
0. 35 .  
a t  orbi t  ejection. 

La tera l  range shal l  nominally be accomplished by out-of-plane r e t r o  

3 . 2 . 9  Recovery and Landing. - The recovery  interface altitude shall  
The touchdown dispers ion envelope shall  be be designated at  100 ,  000 feet. 

f nautical miles .  

3 . 3  Circumlunar Mission (Phase  B). - 

3 . 3 . 1  Launch Flexibility. - The circumlunar  flight plan shall  contain 
sufficient flexibility to pe rmi t  a launch period of a t  least  ten consecutive 
launch days out of each month. This period will be centered about the 

- € M W E H A L  L I  - 12 - 
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maximum positive and negative lunar declinations. 
include at leas t  a two-hour period on the launch date in  which the miss ion  
can  be launched either continuously o r  a t  d i scre te  intervals.  
c i rcumlunar  t ra jec tory  shall be designed on the basis  of a f r ee - r e tu rn  
t r ansea r th  t ra jec tory  which re turns  to  the p r i m a r y  landing site within the 
GOSS envelope. 
th i s  c r i te r ia .  

The flight plan shall  a 
The 

Arr iva l  time corrections a re  not considered a deviation of 

3 . 3 . 2  Peri lune Altitude. - The nominal design perilune altitude will 
v a r y  with launch date to  obtain timing flexibility for  r e tu rn  to one of the 
p r i m a r y  sites. 
by the landing miss ion  propulsion limits. 

The allowable variation in  perilune altitude will be established 

3 .3 .3  Parking Orbit. - The minimum t ime in ear th  parking orbi t  shal l  

The maximum t ime may  be as 
not be less than that required to checkout the spacecraft  and improve the 
guidance accuracy  with navigation sightings. 
long as required to  satisfy total mission timing for re turn  to  a p r i m a r y  
landing site. 
orb i t  altitude shall  be dictated by maximum payload and orbi t  lifetime. 

The upper limit should be approximately 4 orbi ts .  The parking 

3 . 3 . 4  Launch Azimuths. - The launch direction f r o m  Cape Canaveral  
shal l  be determined by lunar declination and limited to azimuths dictated by 
range safety. 

3 . 3 . 5  Translunar  Midcourse Correct ionr .  - The midcourse navigation 
cor rec t ion  requirements  including the e r r o r  in  a r r i v a l  velocity shall  not 
exceed 500 fps. 

3 .3 .6  Translunar  Insertion Position. - Final inser t ion into the 
t rans lunar  t ra jec tory  shal l  be located such that the t ra jec tory  can be 
determined by GOSS within 15 minutes following t ranslunar  inser t ion burnout. 
Inser t ion burnout position shall  be pre-determined p r io r  to  each mission 
based upon lunar declination and -aunch delays up to the maximum. 

3 .3 .7  Transear th  Orbit Inclination. - The inclination of the approach 

The inclination will be approximately 30 degrees  to  the ea r th ' s  
conic shall  be determined by control of a r r i v a l  t ime within the GOSS ea r th  
t r a c e s .  
equator . 

3 . 3 . 8  Transear th  Midcourse Correct ions.  - The midcourse navigation 
cor rec t ion  requirements  including the e r r o r  in  a r r iva l  velocity shall  not 
exceed 500 fps. 

3 .3 .9  Entry. - The location of the spacecraf t  at the en t ry  interface 
relat ive to  the preselected landing site shall nominally depend upon the lunar  
declination, launch delay, and inclination of the approach conic. F o r  (1)  two 

- 13 - 
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pr imary  s i tes ,  ( 2 )  a two hour launch window, (3)  ten day launch flexibility 
about the minimum and maximum declination, and (4)  fixed ea r th  t rack ,  the 
required en t ry  range shall  be 3000 nautical mi l e s  to 5500 nautical mi les .  
The command module sys tems shall  be designed to include these values of 
range plus sufficient range tolerances to account for landing s i te  
contingencies, such a s  bad weather,  for  a l l  en t ry  conditions within the 
ope rational corr idor .  

3.3.10 Recovery and Landing. - Spacecraf t  sys tems shall  be 
compatible with water o r  land recover ies .  
capabilities shall be required.  

Emergency nighttime landing 

3.4 Lunar Orbit  Mission (Phase  B). - 

3.4.1 Translunar .  - See Circumlunar  mission. 

3.4.2 Lunar Orbit. - 

3.4.2.1 Propulsion. - Injection into a c i r cu la r  orbi t  of a specified 
altitude will occur at  perilune of a c i rcumlunar  t ra jectory.  
(velocity impulse) required to inject  into the orb i t  will be established f rom a 
circumlunar  t ra jec tory  having the following charac te r i s t ics  : 

The propulsion 

The moon will be a t  apogee a t  the t ime of perilune 

The inclination of the t rans lunar  t ra jec tory  plane to the 
moon's orbi t  plane wil l  be maximum 

The inclination of the t r ansea r th  t ra jec tory  plane to the 
moon's  orbi t  plane will be maximum. 

The propulsion shall  allow for a 5-degree out-of-plane maneuver a t  injection. 

3.4.2.2 Orbit Duration. - The minimum t ime spent in  orb i t  will be 
one c i rcu lar  orbi t  period at  the specified orb i t  altitude. The maximum t ime 
in  orbi t  will be such that the total  miss ion  t ime  does not exceed 14 days.  
The maximum time in  orbi t  for a specific miss ion  will be reduced, if 
necessary ,  by the c r i t e r i a  that  the recovery  phase of the t r ansea r th  
t ra jec tory  will occur in  daylight. 

3.4.3 Transear th .  - 

3.4.3.1 Injection Conditions. - Injection into the t r ansea r th  t ra jec tory  
Requirements wi l l  be possible a t  l eas t  once during each revolution in  orbit. 

of the t ransear th  t r a j ec to ry  will determine the exact position in  the orb i t  and 
the corresponding t ime a t  injection. 

- 14 - 
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3.4.4. Propulsion. - The propulsion requirements  for  the t r ansea r th  
injection will be based upon the following cr i te r ia .  The inclination of the 
c i r cu la r  orbi t  plane to the moon's orbi t  plane will be 15 degrees ,  and the 
line of nodes will have the mos t  unfavorable orientation f rom the standpoint 
of minimizing the injection velocity. 
of injection and the inclination of the t r ansea r th  t ra jec tory  plane to  the moon's 
orbi t  plane will be maximum. 
maintained to pe rmi t  recovery  at a specific ear th  si te.  

The moon will be at apogee at the t ime 

A 24-hour r e tu rn  flight time flexibility will be 

3.4.5 Entry.  - Entry  will be within the ground tracking cor r idor  and 
en t ry  range limits defined for  the circumlunar  mission. 
minimum flight t imes  will resul t  f rom the establishment of the propulsion 
requirements  for  t ransear th  injection. 

Maximum and 

3.5 Lunar Landing Missions (Phase  C).- 

3.5.1 Ea r th  Orbital  Rendezvous. - No data  available at present  

3.5.2 Lunar Orbital  Rendezvous. - No data available at present  

3.5.3 Direct.  - 

3.5.3.1 E a r t h  Parking Orbit. - The vehicle shall  be injected into an 
e a r t h  parking orbi t  f rom the Atlantic Missile Range (AMR) to obtain launch 
flexibility. The boost to orbi t  will be accomplished using a NOVA. 

3.5.3.2 Translunar .  - The t rans lunar  t ra jec tory  shall  be of the "free 
re turn"  type and shall  satisfy all c r i t e r i a  specified for the circumlunar  
mission. 

3.5.3.3 Lunar Orbit. - The vehicle shall  inject into a c i rcu lar  lunar  
orb i t  at t ranslunar  perilune with a planar  angle change capability of up to  5 
degrees .  
the requirement  that the t ranslunar  t ra jec tory  be of the "free return" type 
and the 5 degrees  planar angle change capability. 
made  over  the vicinity of the landing s i te  p r io r  to initiating the landing phase. 
The parking orbi t  altitude will be dictated by the t ranslunar  "free return ' '  
t ra jectory.  

The limits on the orientation of the orbi t  plane will be dictated by 

At least  one pass  will be 

3.5.3.4 Lunar Landing. - The landing phase will be initiated by making 
a Hohmann t ransfer  to  a perilune altitude which is  compatible with the 
guidance capability and the te rmina l  maneuver  requirements .  
site must be located such that the plane of the parking orbi t  will contain the 
landing site at the time of touchdown. The inclination res t ra in ts  imposed by 
the t rans lunar  t ra jec tory  requirements  and the 5 degree planar angle change 
capability requi re  the landing site to  be in the vicinity of the moon's  orbi ta l  

The landing 
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plane. 
21. 68  degrees  and can be reached only i f  specific geometric relationships 
exist. 
t ranslunar  conic relative to the moon's orbi t  plane must  coincide, and the 
landing s i te  must be ninety degrees  f rom the line of nodes a s  shown in the 
following sketch. 

The maximum latitude allowable (selenographic latitude) will be 

The line of nodes of the lunar equatorial  plane and the selenocentric 

LA 

-VEHICLE'S ORBIT PLANE 

NDING 
AREA 

' S  ORBIT PLANE 

EQUATORIAL PLANE 

The specific landing a r e a  will depend upon the prec ise  date of t ranslunar  
perilune . 

3.5 .3 .5  Lunar Boost. - The vehicle will be boosted into a lunar  parking 
The parking orbi t  will orbi t  p r io r  to injection into the t r ansea r th  t ra jectory.  

be used to provide a uniform boost profile regard less  of the launch site 
location and minimize the variation in propulsion requirements.  
launch azimuth flexibility must  be available to proper ly  orient the parking 
orbi t  plane for injection into the t ransear th  t ra jec tory  without a planar angle 
change. 
The injection into the t ransear th  t ra jec tory  will then be visible f rom the ear th ,  

Sufficient 

The launch will be into a d i rec t  orbi t  relative to the moon's rotation. 

3 . 5 . 3 . 6  Transear th  Injection. - The vehicle will nominally inject 
into a t ransear th  t ra jec tory  which re turns  along the northern boundary of the 
GOSS range when the entry range angle i s  a minimum. Launch delays can be 
obtained without varying the t r ansea r th  injection velocity by varying the 
inclination of the geocentric conic. A s  launch delays occur ,  the launch 
pa rame te r s  a r e  var ied such that the inclination of the geocentric conic i s  
var ied  and the entry range angle increases .  
dependent upon the allowable inclination flexibility and the entry range 
f 1 exibi li t y . 

The allowable launch window i s  

The minimum injection velocity would be determined by the maximum 
allowable t ransi t  t ime.  
90 hours.  
their  geometry deviates great ly  f r o m  ear th  conic solutions. 
t ra jec tor ies  would be difficult to p rogram in the guidance computer. 

The upper limit on t r ans i t  t ime is approximately 
Beyond this point, the t ra jec tor ies  become v e r y  sensit ive and 

The resultant 
Also, 
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Guidance 
Main Propulsion 
Life Support System 
General Radiation Shielding 
Entry Heat Shielding 
Solar F l a r e  Protection 
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decrease  
increase  
decrease  
decrease  
increase  
decrease  

beyond 90 ho&s  the injection velocity must  increase  in o rde r  to maintain 
the proper  entry conditions. 
the Spacecraft g ros s  weight during normal and abort  situations. Table 1 
i l lustrates  the effects on gross  weight a s  the t r ans i t  t ime i s  decreased.  

A pr imary  consideration should be to minimize 

Table 1. - Trans i t  Time-Gross Weight Pa rame te r  Study 

P a r a m e t e r  I Gross  Weight Effect I 

If the so la r  f la re  prediction techniques a r e  found to be reliable, the 
advance notice period could establish the minimum t rans i t  t ime if  the 
shielding requirements  become prohibitive. The effects described above 
a r e  i l lustrated in Figure 3.1. 
the command module design, the minimum t rans i t  t ime will be determined 
by the flight t ime-ear th  landing s i te  location compatibility. Fo r  a single 
landing site, a twenty-four hour variation in the t rans i t  t ime i s  required 
with a fixed ground track. The t rans i t  t ime flexibility can be reduced to 
twelve hours by using the alternate landing sited proposed for  the ear th  
orbi ta l  missions and an inclination variation equivalent to a four-hour delay. 

If so la r  f la re  shielding' is  incorporated in 

3.5.3.7 Transear th  Mid-Course Corrections.  - Same as  3.3.8 

3.5.3.8 Entry.  - Same as 3.4.5 

3.5.3.9 Recovery and Landing. - Same a s  3.3.10 

. &* 
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4.0 REQUIREMENT ANALYSIS @ 
4.1 Character is t ic  Velocities. - Examination of the Apollo Spacecraft  

miss ions  has  established the following performance requirement .  
summar izes  the charac te r i s t ic  velocities associated with these requirements .  

Table 2 

Table 2. Mission Propulsion Requirements 

Mis s ion 

Ea r th  Orbi ta l  

Circumlunar  

Lunar  Orbit  

Lunar  Landing 

Phase  

Orbital  Transfer  
Ejection F r o m  Orbit 

Mid - Cour se T r anslunar 
Mid- Cour s e  Trans  e a r t h  

Mid-Course Translunar 
Injection Into Orbit 
Injection Out of Orbit  
Mid-Course Transear th  

T r ans lunar 
Mid-Course 
Injection 
Hohmann Transfer  
Main Retro 
Hover and Landing 

Transear th  
Boost 
h j  e c t ion 
Mid -Cour s e 
Tolerances and Control 

:los 000 FPS Pre l iminary  Abort Value 

Character is t ic  Velocity (FPS) 

665 
1640 
2305 

500 
500 

1 0 0 0 ::: 

500 
3380 
4820 

500 
9200 

500 
3380 

115 
5778 
1000 

10773 

5980 
3355 

500 
500 

10335 
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- 1  - 
F o r  the ear th  orbi ta l  missions,  the orbital  t ransfer  velocity is based 0 

on a Hohmann t ransfer  f rom 200 to 400 nautical mi les .  
ref lects  de-orbit f r o m  400 nautical mi les  and includes a l a t e ra l  maneuver at 
ejection that results in a c ross - range  of 163 nautical mi l e s  at  touchdown. 
The lunar mission injection values a r e  based on f r ee  r e tu rn  type approaches 
to  the moon that a r e  inclined 10 degrees  to the lunar orbit  plane. Velocities 
include a 5 degree planar angle change. 
t ransear th  injection velocity provides for  a 24 hour variation in t r ans i t  t ime 
and is based on returning to the ear th  along a t ra jec tory  inclined 63 degrees  
to the lunar orbit plane. 
prel iminary.  
fully fueled. 

The ejection velocity 

F o r  the lunar orbit  miss ion  the 

The hover and landing allowance of 1000 fps is 
For  all  spacecraft  lunar missions the propellant tanks shall  be 

4.2 Flight P lan  Requirements.  - 
4.2.1 Earth Orbital Mission (Phase  A). - 

4.2.1.1 Ascent. - The Apollo Spacecraft will be launched with a C-1 
booster into a nominal 200 nautical mile  c i rcular  orbit .  In the event that one 
engine should fail during the C-1 ascent,  the remaining engines must  be 
capable of delivering the spacecraft  into a c i rcu lar  orbit  not l e s s  than 126 
nautical mi les .  
in F igure  4-1, f rom which it may b e  seen that an Apollo Spacecraft  weighing 
18,966 pounds could be delivered into a 200 nautical mile  orbit .  
abort  recovery limitations preclude a boost into orbit  that t e rmina tes  in  
excess  of 200 nautical mi les .  
200 nautical miles is  the prerogative of the command center and is l imited 
only by the acceptable orbi ta l  decay. F igure  4-1 presents  payload weights 
which include the Apollo command module, service module, and spacecraf t  
adapter.  The payloads a r e  based upon t ra jec tor ies  using a due eas t  launch 
f rom AMR. The other t ra jec tory  c r i t e r i a  assumptions a r e  enumerated a s  
follows and in Table 3. The S-1  stage burnoiit and jett ison weight includes 
the Apollo launch escape sys tem and S-I/S-IV separation and s t a r t  
propellants.  
3, 000-pound instrument and boost guidance section. 
impulse have been adjusted for  nozzle cant angles and iner t s  lost  during 
stage burning. 
propellant during a 3-second mainstage hold down period p r i o r  to  vehicle 
re lease .  
compensate fo r  wind profiles,  launch azimuth deviations, and guidance 
disturbances which have not been included in  the computer performance 
curves . 

The payload l imit  data curve of the C-1 booster is presented 

P r e s e n t  

Selection of operational orbi ta l  altitudes below 

The S-IV stage burnout and jett ison weight includes the 
Thrus t  and specific 

It i s  assumed the S-I consumes par t  of the l isted available 

The minimum S-IV stage specific impulse has  been used to  

Ejection f r o m  orbit  and landing require  that the nominal orbi ta l  
inclination be 31.88 degrees .  As a consequence, launch of the Apollo f r o m  

- 20 - -AL 
SID 62-338 



RECOWNO. SID 62-338 
M I S S I L E  D I V I S I O N -  

CMCCRCD DIz 



* -  ,,a. >.r' 

N O R T H  A M E R I C A N  A V I A T I O N ,  I N C .  SPACE and INFORMATION SYSTEMS DI\7SION 

Table 3. Launch Vehicle Weizht and Pe r fo rmance  

Item 

S - 1 Stage Gross  Weight 

S - 1 Stage Usable Propellant 

S-1 Stage Inerts Lost 

S-  1 Stage Burnout and Jett ison Weight 

S - 1  Stage Specific Impulse (Sea Level) 

S-1 Stage 8-Engine Thrus t  (Sea Level) 

S -1V Stage Gros s Weight 

S-IV Stage Usable Propellant 

S-IV Stage Inerts Lost 

S-IV Stage Burnout and Je t t i s  n Weight 

S-IV Stage Specific Impulse (Vacuum) 

S-IV Stage 6-Engine Thrust  (Vacuum) 

Measurement 

971, 204 

844,900 

2, 592 

123, 712 

253.85 

1,498, 850 

115, 742 

99, 500 

60 

16, 182 

409. 50 

89, 507 

lbs .  

lbs .  

lbs .  

lbs .  

sec .  

lbs .  

lbs .  

lbs .  

lbs .  

lbs .  

s ec .  

lbs .  

Cape Canaveral  requires  that boost be terminated in an iner t ia l  plane with 
azimuthal bearing a t  Cape Canaveral at  e i ther  75 degrees  o r  105 degrees .  

4.2.1.2 Orbit. - The design maximum t ime fo r  orbiting i s  fourteen days.  
An orbital  altitude in excess  of 139 nautical mi les  i s  necessa ry  to  meet  this 
requirement .  
satisfied by direct  ascent of a seven-engine C-1 configuration, 90 to 200 
nautical mi les  with an eight-engine C-1 configuration, and 200 to 400 nautical 
mi les  by an orbital t r ans fe r  utilizing the service module propulsion system. 

Orbital altitudes f r o m  90 to 126 nautical mi les  m a y  be 

4.2.1.3 Ejection. - The spacecraf t  shall  be capable of landing at  the 

In addition, alternate s i tes  which m a y  involve either land o r  water 
p r imary  landing site (o r  a t  the backup s i te )  f r o m  a t  least  th ree  orbits pe r  
day. 
landing will be designated such that at leas t  one al ternate  si te can be reached 
for  a landing f r o m  each orbit .  
requirement is to make  the three  recover ies  consecutive. 

The most  efficient way to meet  this  
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Presented  in F igure  4-2 i s  general  data of r2quired maximum lateral  
range at  landing to satisfy the three orbital  pass  requirement.  It may be 
seen  that the selection of the landing site a s  San Antonio, Texas,  (Latitude 
29. 48 degrees  N )  and a nominal orbital altitude of 250 nautical mi les  will 
requi re  a maximum la te ra l  range at landing ( p )  of 2 . 4  degrees ,  with a 
corresponding orbi ta l  inclination of 3 1 .  88 degrees .  
spacecraf t  is ejected f r o m  orbi t  other than 250 nautical miles ,  a slight 
variation in orbital  inclination would be optimum. 

When the Apollo 

The ejection window capability and the associated requirements  a r e  
valid for  a l l  landing s i tes  located on the north and south 29.48 degree 
para l le l s .  
spaced 60 degrees  apar t  in longitude would satisfy the above ejection window 
requirements .  However, two of these s i tes ,  namely, India and Libya, are 
geographically and politically impract ical .  As a consequence, s i tes  in the 
southern hemisphere must  be substituted. 
position substitutions, i t  will be noted that a seventh site in the southern 
hemisphere must  be added to  satisfy the full ejection window requirement .  
This  provides a r e se rve  of coverage which permi ts  the desirable  substitution 
of the Woomera site for  a mid-Atlantic si te in the northern hemisphere.  
Thus a total of seven s i tes ,  three in the northern hemisphere and four in the 
southern hemisphere represents  a pract ical  minimum number of s i tes .  

A minimum of s ix  landing s i tes  located along ei ther  paral le l  and 

In making these 180 degree-phase 

4.2.1.4 Entry.  - The combined ejection, coast ,  and atmospheric entry 
maneuver to the landing site shall  be selected with regard  to the following 
c ondit ion s : 

(1) Maximum aerodynamic maneuverability 

( 2 )  Minimum ejection propulsion 

(3 )  Minimum range sensitivity. 

Maximum aerodynamic maneuver capability occurs  a s  the combination 
of en t ry  path angle and velocity approaches the skip-out boundary. 
requi red  maneuver capability, however, shall  depend upon how accurately 
the entry position, veiocity, time and path angle can be controlled, E r r o r s  
in  these pa rame te r s  will be caused by e r r o r s  in the magnitude of the ejection 
velocity, e r r o r s  in the alignment of the ejection velocity, e r r o r s  in 
determining the orbit  parameters ,  and e r r o r s  in the predicted t ime used to  
establish the orbit exit point. 
range control system, guidance sensing tolerances must  be within the 
vehicle ' s aerodynamic maneuver capability. Guidance sensing tolerances,  
however a r e  re la ted to propulsion charac te r i s t ics  in that range sensitivity 
due to e r r o r s  in the magnitude of the imparted velocity ( A V )  decreases  with 
increasing ejection hV . Fur ther ,  increbsing the magnitude of imparted 

The 

Since e r r o r s  at entry must  be removed by the 

0 
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velocity resu l t s  in decreasing the available range control during entry a s  
well a s  adding vehicle weight penalties. Thus, the interrelat ions between 
propulsion, guidance, and vehicle control mus t  be evaluated before final 
ejection requirements  can  be established. 
capability is i l lustrated in Figure 4-3 f o r  severa l  entry conditions. The 
entry conditions correspond to ejection f r o m  a c i rcu lar  orbi t  of 156 nautical 
miles. Each entry corresponds to a specific ejection AV. F o r  each AV the 
ejection angle was aligned to correspond to the angle for  minimum range 
sensitivity, i. e .  a 6 /  8 6 = 0. The result ing envelopes a r e  based upon 
(L/D)max of 0 .5  and a log maximum load factor .  
corresponding to these data is indicated in Figure 4-4 (curve labeled aP/as = 
0). The magnitudes of ejection’AV includes an out-of-plane ejection 
maneuver that resu l t s  in a c ross - range  angle of 2 . 2 2  degrees  at  touchdown 
(See Figure 4-2). 
requirements  va ry  with specific entry conditions. 
range and corresponding entry path angle, an optimum total  range for  
minimum propulsion exis ts  (aAv/afl  = 0). These data  a r e  approximate in 
that glide range was assumed invariant with en t ry  velocity for a given path 
angle and vehicle L/D.  
par t icular ly  for  small entry angles which correspond to the p r imary  a r e a  of 
inte r e  s t . 

0 
The aerodynamic maneuver 

The ejection velocity (AV)  

The remaining data in Figure 4-4 i l lustrates  how ejection 
F o r  each entry glide 

This  approximation i s  reasonable however, 

Thus,  for minimum propulsion, the optimum range angle occurs  at  98 
degrees .  
an en t ry  path of two degrees  and a nominal glide range of 31.7 degrees  when 
en t ry  i s  made at  L / D  of .35 .  The range control capability is approximately 
*700 nautical miles  (F igure  4-3) for  a log limit and maximum L / D  = 0. 50. 
The range sensitivity with regard  to  propulsion AV e r r o r s  is, however, 
g rea tes t  at this condition. As the total  range angle i s  reduced for a specific 
en t ry  condition, the range sensitivity is reduced at  the expense of increased 
propulsion. Thus the optimum combination will correspond to  range angles 
slightly l e s s  than those for minimum energy. The entry path angle will be 
slightly steeper than the overshoot boundary. The orbital  inclination (31.88 
degrees )  in combination with the maximum la te ra l  range ( 2 . 4  degrees)  and a 
total  range angle of approximately 90  degrees  f r o m  ejection to  landing resu l t s  
in a band of entry conics with inclinations between 29.48 degrees  to 33.99 
degrees .  Examination of the geographic a r e a  encompassed by these conics 
to a given landing s i te  on the 29.48 degrees  paral le l  establishes the required 
en t ry  t rack .  The en t ry  t rack  is  bounded by an iner t ia l  spherical  triangle 
whose sides a r e  formed by two conics of the same inclination (33.99 degrees) ,  
which intersect  the landing site at approach azimuths of 72.3 degrees  and 
107. 7 degrees ,  and whose base is an a r c  of a grea t  c i rc le  centered on the 
landing s i te .  (See F igure  4-4. ) This iner t ia l  tr iangle when t ranslated to 
geographic coordinates for location of ground tracking equipment must  be 
cor rec ted  f o r  ear th  rotation corresponding to the en t ry  flight history with 
the smal les t  and la rges t  t rans i t  time anticipated. 

The required AV at this range is 1080 fps .  This corresponds to  0 

0 
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The use of orbi ta l  inclinations s teeper  than 31. 88 degrees  (associated 
with altitudes above 250 nautical mi les )  o r  the ejection f r o m  orbit  at ranges 
grea te r  than 90 degrees  f r o m  landing will expand the required GOSS coverage. 

4.2.1.5 Recovery. - The interface between entry and recovery will be 
100, 000 feet ,  The command module will include an ear th  landing sys tem to 
be used to satisfy ea r th  landing requirements .  The landing sys t em m a y  
utilize parachutes or moderate  L / D  devices such a s  "parawlng" or  glide 
parachutes . 

4.2.2 Circumlunar Mission. - The flight plan objectives in  the 
circumlunar mission are:  (1) to launch the spacecraf t  f r o m  a specified s i te ,  
( 2 )  to establish a c i rcumlunar  t ra jec tory  having a specified perilune altitude, 
and ( 3 )  to re turn  the spacecraf t  safely to a selected landing site along a 
specified en t ry  t rack.  

F a c t o r s  influencing the establishment of flight plan requirements  for  
this mission a r e  gross ly  inter-related.  
manner in which the mission flight t ime is made  compatible with the landing 
site location on specific launch dates.  
obtaining this  compatibility a re :  ( 1) adequate launch azimuth variations,  
( 2 )  wide GOSS ear th  t r a c e  l imits ,  (3)  the use of multiple parking orbi ts ,  
(4)  variation of the perilune altitude for  specific launch dates ,  and (5) use of 
mid-course corrections t o  change a r r iva l  t ime.  
considered under the appropriate mission phases in the following discussion 
of the circumlunar mission flight requirements .  

The predominant factor is the 

Several  possible methods for  

These methods a r e  

4.2.2.1 Initial Phase .  - The initial phase of the mission i s  defined as 
that portion from launch up to  t ranslunar  injection and includes the powered 
flight ascent  and the parking orbit  coast .  

4.2.2.1.1 Ascent. - Circumlunar missions will originate at  Cape 
Canaveral, F lor ida ,  
satisfying the objectives of the circumlunar miss ion  will be required each 
month. 
The geometric factors to be considered in the ascent include the effect on 
launch azimuth l imits of launch delay capability and flight -time -landing site 
location compatibility. 
azimuth with time of day. The minimum allowable spread in launch azimuth, 
determined by the two hour launch delay capability, i s  *7. 5 degrees  f r o m  due 
eas t .  During the l a s t  s ix  months of 1968 and a l l  of 1969, when the moon is at 
maximum o r  minimum declination, due-east  launches a r e  not possible.  On 
these dates a launch spread  of about * 10 degrees  f r o m  due eas t  will provide 
a discontinuous two hour delay capability. In general ,  launch azimuth 
spreads which are  not centered about the due-east  direction m a y  a l so  be 

An interval  of ten consecutive days which yield launches 

Also, a minimum launch delay capability of two hours is  required.  

F igure  4-5 shows a typical variation of launch 
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grea te r  than *7 .  5 degrees .  
two hour delay capability in all  cases  

A variation of f 10 degrees  is sufficient for the 

Launch azimuth variation can a l so  be employed to obtain compatibility 
of total  flight t ime and landing site locations. 
a t  the Cape (*24 degrees)  allow about a 5. 5 hour launch time variation of 
which two hours must  be conserved for a possible delay. 
hours  could be used to alleviate the mission-time landing-site -location 
matching problem. 
each  day for circumlunar flight only one of these intervals will, in general ,  
satibfy the requirements for  a f ree  r e tu rn  to a specific landing. 
intervals  correspond to a short  parking orbit  coast and a long parking orbi t  
coast .  

Range safety azimuth l imits  

The remaining 3 . 5  

Although Figure 4-5 shows two possible launch intervals  

The two 

4.2.2.1.2 Orbit. - The parking orbi t  altitude i s  100 nautical mi les .  
F igu re  4-6 shows a ground t r ace  f r o m  launch to t ranslunar  injection for  
launch azimuths varying f rom 75 to 105 degrees .  
negative declinations, the long coast solution will be required for  re turns  to 
San Antonio, Texas,  and injection will occur over the Pacific Ocean nea r  the 
wes tern  coast  of the United States.  When the moon is at  positive declinations, 
the re turn  i s  to Woomera, Australia, which requi res  that the injection point 
be west  of Australia,  in  the vicinity where the azimuth curves in te rsec t .  
When the moon i s  near  ze ro  declination the re turn  may  be ei ther  to San 
Antonio, o r  Woomera and the corresponding injection points l ie over the 
mid-Pacific and the west coast  of Africa, respectively.  

When the moon i s  a t  

It m a y  be desirable to use the f i r s t  half of the parking orbit  for  systems 
checkouts o r  to obtain tracking data. 
increased  by one revolution to accommodate this procedure with a result ing 
l imit  of 0. 5 to 1. 5 parking orbit  revolutions. 
o rb i t s  i s  a possible method for obtaining flight time-landing site location 
compatibility. This technique i s  res t r ic ted ,  however, due to the incremental  
rather than continuous nature of the flexibility achieved. 

The short  coast  angles could be 

The use of multiple parking 

4.2.2.1.3 Mid-course Phase.  - The mid-course portion of the 
circumlunar  mission includes the t ranslunar  injection and the circumlunar  
coast .  

4.2.2.1.3.1 Injection. - The location of t ranslunar  injection points is 
direct ly  re la ted to the parking orbit coast  duration and i s  discussed in Section 
4.2.2.1.2. Injection velocity can be  var ied to control the t r ansea r th  
t ra jec tory  plane inclination and will change with launch delay and with t ime 
of month. A one (1) f t / s ec  variation in injection velocity will change the 
t r ansea r th  plane inclination about 10 degrees .  
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4.2.2.1.3.2 Coast. - The coast  phase of all c i rcumlunar  t ra jec tor ies  
mus t  be such that the specified altitude of c losest  approach a t  the moon is 
achieved and "free re turn ' '  capability exists for  a safe re turn  to one of the 
p r imary  landing sites. 
is controlled pr imari ly  by the perilune altitude and will va ry  only f rom about 
138 to 139 hours  for a 100 nautical mi le  perilune. 

The t ransi t  t ime f rom translunar  injection to entry 

Since the t rans i t  t ime remains near ly  constant for  a fixed perilune 
altitude and directly influences the timing problem a t  entry,  it appears  that 
a t rade  off study between flight time-landing s i te  compatibility for  the c i rcum-  
lunar  mission and propulsion requirements for  the landing mission a s  a 
function of perilune altitude should be considered. A var iable  perilune altitude 
for  specific launch dates  may  be m o r e  desirable.  

The coast  phase exhibits cer ta in  aspects of symmetry  when viewed in  a 
coordinate sys tem in which the reference plane contains the moon's orb i t  and 
the reference direction coincides with the moon's radius vector a t  the t ime of 
perilune. Inclination of the translunar plane to the moon's orb i t  plane in this 
sys tem will va ry  f rom about 0 to 65 degrees.  Inclination of the t ransear th  
t ra jectory plane to the moon's orbit  plane will va ry  f rom 0 to 62.5 degrees  
depending on the landing s i te  used (t ime of month). Only d i rec t  re turns  w i l l  
be considered. Coast t ra jector ies  which originate on one s ide of the moon's 
orb i t  plane (either above o r  below) and re turn  on the opposite side c r o s s  the 
plane only once in the lunar vicinity. 
on the same side of the moon's orbit  plane c r o s s  the plane twice in the lunar 
vicinity. 
occur  below the moon's orb i t  plane. 

Trajector ies  which originate and re turn  

Figure 4-7 i l lustrates  the la t te r  case  where both injection and entry 

0 

4.2.2.1.4 Terminal  Phase.  - The terminal phase of the circumlunar 
miss ion  includes the entry and recovery portions. 

4.2.2.1.4.1 Entry. - Geometrical and dynamic flight plan requirements 
during entry pertain to (1) entry range l imits ,  (2)  timing, and ( 3 )  landing 
approach direction ( t ransear th  plane inclination l imits) .  These factors  a r e  
in te r  - re la ted with each other  and also influence the determination of launch 
azimuth l imits  discussed in Section 4.2.2.1 .l. Circumulunar missions will 
terminate  with .r landing at San Antonio wher, the rAoonls declization a t  
encounter is negative. 
declination a t  encounter is positive. Variation of the inclination of the 
t ransear th  t ra jectory plane could be used to obtain launch t ime flexibility. 
Wide landing swaths, however, impose extreme entry range requirements 
and requi re  extensive GOSS coverage capability. If some other  technique 
is employed to obtain launch time flexibility the variation in t ransear th  plane 
inclination can be res t ra ined  within the l imits  of GOSS t rack  coverage 
established for  the ea r th  orbital  mission, 29.48 to 33.99 degrees.  Figure 4-8 
shows the landing approach cor r idor  to San Antonio, Texas, for  this GOSS 

The Woomera site will be utilized when the moon's 

* 
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track. 
centering the ten consecutive launch dates about the t ime of minimum lunar  
declination. 
inclination is 29.48 degrees  and the landing approach direction is due east. 
This condition establishes the minimum range requirement of 3,057 nautical 
miles.  During a launch delay the inclination, approach azimuth and entry 
range all  increase  until af ter  a two hour delay an inclination of 33.99 degrees  
is required. 
declination is about -7.75 degrees. 
launches is 33.99 degrees  and the approach direction is north of east. During 
launch delay the entry inclination decreases  and the approach azimuth increases ,  
until af ter  a two hour delay the maximum range requirement  of 5,475 nautical 
mi les  is established. Using 5,475 and 3,057 nautical mi les  as the entry range 
l imi t s  yields the entry box i l lustrated by the cross-hatched a r e a  in Figure 4-8  
Launch delays g rea t e r  than two hours a r e  actually permissible  for  lunar  
declinations between -7.75 and -28.59 degrees. 
the ear th  landing occur during daylight. 
possible for  c i rcumlunar  missions only 10 will be available for  daylight land- 
ings. In the wors t  case ,  only five consecutive days will be available for  
missions with daylight landing. 

A minimum variation in entry range requirements can be obtained by 

At minimum declination (-28.59 degrees)  the nominal entry 

* 
The maximum entry range required is established when the 

The nominal entry inclination for  these 

It will be desirable  to have 
This means that of the 20 days 

4.2.2.1.4.2 Range Considerations. - Within the launch and tracking 

Since the spacecraf t  mus t  
constraints previously described, the guaranteed maximum range during the 
entry flight phase mus t  be 5500 nautical miles.  
achieve this range f rom all entry conditions, the cr i t ical  entry f rom the 
standpoint of guaranteed range will be  when the vehicle en ters  the atmosphere 
along the undershoot boundary. In addition, and without regard  to the s ize  of 
the cor r idor ,  the vehicle 's  realizable L / D  i s  so sufficiently smal l  that the 
required range can only be obtained by allowing some amount of exit f rom the 
atmosphere following the initial entry. 
t raveled during the skip-out w i l l  depend upon the flight mode selected follow- 
ing the initial atmospheric penetration. Since no path control can be realized 
during skip-out, e r r o r s  in the trajectory parameters  a t  exit will resu l t  in 
range e r r o r s  a t  re-entry.  
range control l imits  of the vehicle during atmospheric re-entry.  
is fur ther  complicated by the fact  that not all entr ies  will requi re  maximum 
range. 
and entry conditions. 

a 

The exit conditions and the distance 

The magnitude of these e r r o r s  m u s t  be within the 
The problem 

Thus, the guidance and control logic must  be consistent for  all range 

An iner t ia l  range envelope is shown in Figure 4-9 based upon a flight 
plan that maintained a constant initial pull-out altitude for  each entry condition. 
When the vehicle had decelerated to a particular velocity, dependent upon the 
des i red  range, a rol l  maneuver was performed that resul ted in a change in the 
vehicle 's  altitude and, thus, deceleration history. To define the footprint 
boundaries,  i. e . ,  maximum lateral  range for  a given longitudinal range, the 
vehicle was rolled to a bank angle of 45 degrees.  The range variation was 
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real ized by selecting var ious velocities along the constant altitude path. 
maximum velocity was l imited to achieving 5500 nautical mi les  longitudinal 
range for  each entry condition. 
in some amount of atmospheric exit. 
rolling the vehicle to a 90 degree (L /D  = 0) bank angle at satell i t ic speed from 
the constant-altitude path. 
approximately 8 g's. 
the design cor r idor  boundaries and a nominal entry angle. 
flight mode as well a s  o thers  will depend upon the range sensitivity to the 
t ra jectory parameters ,  guidance sensing capability, and range correct ion 
capability. 
emergency considerations during entry. 

The 

For all en t r ies  the maximum range resul ted 
The minimum range was based upon 

F o r  the undershoot entry this corresponds to 
The entry conditions for  these footprints correspond to 

Evaluation of this 

Flight mode selection will be based upon these factors  as well a s  

4.2.2.1.4.2.1 Corr idor .  - The charac te r i s t ics  of the atmospheric 
entry phase for  lunar  missions a re  dependent upon severa l  entry cor r idors .  
The f i r s t ,  the design cor r idor ,  is obtained with a standard atmosphere and 
standard aerodynamics. Entry corridor charac te r i s t ics  a r e  based upon the 
interface altitude of 400, 000 feet  and approximate escape speed. The over -  
shoot and undershoot entry angles for  this corr idor ,  based upon entry a t  zero  
bank angle, a r e  - 5 . 3  degrees  and -7.5 degrees  respectively. 
aries correspond to per igee altitudes of 3 5 . 5  and 5 nautical miles.  The over -  
shoot boundary is defined on the basis of an available W/CL S of -118 L B / F T 2  
a t  the initial pull-out and corresponds to -0. 85 CL max. 
load factor  encountered along an overshoot entry is approximately 2. The 
undershoot boundary i s  based on a maximum total load factor of 10. Based 
upon these l imits ,  the cor r idor  depth is A V E N  = 2.2 degrees  o r  h h p  = 3 0 . 5  
nautical miles .  The vehicle systems a r e  designed f rom the entry conditions 
of the design corr idor .  The second cor r idor  is the operational corr idor .  It 
i s  obtained by considering atmospheric deviations, and aerodynamic devia- 
tions and sys tems tolerances which tend to decrease  the cor r idor  depth. 
Operation within this cor r idor  would guarantee success  with respec t  to loads 
and capture during the entry phase. 
a r e  20 nautical miles. The third cor r idor  is the guidance corr idor .  
design objective, this cor r idor  should be approximately 3 4  nautical mi les  
f r o m  the des i red  entry condition. 
permi t  an advanced selection of the des i red  entry conditions and reduce 
touchdown dispers ions for  a specific range. Figure 4-10 i l lustrates  the 
design and operational cor r idor  load character is t ics .  
the upper a r rowed line represent  the design corr idor .  The decrease  in 
cor r idor  depth is indicated f o r  an atmospheric  density change of *0.5p STD 
and t r im  angle-of-attack changes of *0.20 a TRIM. These data correspond to 
entry a t  a ze ro  bank angle. The effect  on cor r idor  boundaries for  entry a t  
other  than ze ro  bank angle i s  i l lustrated in Figure 4-11. These data indicate 
that the cor r idor  is not significantly changed for  entry bank angles up to 3 0  
degrees  but is considerably narrowed as the entry bank angle approaches the 
ball ist ic value ( 8  = 90 degrees).  

These bound- 

The total maximum 0 

P r e s e n t  es t imates  of this cor r idor  depth 
A s  a 

A guidance cor r idor  of this depth would 

The center curve and 
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4.2.2.1.4.2.2 Emergency Mode. - The mos t  important factor affecting 

This implies not only that the entry maneuver 
the development of an emergency entry mode is that it should a s s u r e  a high 
probability of crew survival. 
be successfully executed, but that the landing should occur  in a predictable 
area.  The emergency mode should blend in well with the normal  operating 
mode so that an immediate switch can be made  a t  any point along the 
trajectory.  
bank angle such as to follow a predetermined constant altitude load-time 
his tory o f f e r s  one possibility. 
presented in Figure 4-12 for  the design cor r idor  boundaries, a middle of the 
cor r idor  nominal t ra jectory and two t ra jec tor ies  representing a *5 nautical 
miles guidance cor r idor  depth f rom the nominal. The load-time his tory 
pr ior  to the peaks would be the same for  all en t r ies  with a constant bank 
angle, but would vary  subsequent to the peak depending on the par t icular  
mode. The constant altitude emergency mode is a logical companion to 
the skip-mode previously descr ibed since the load time his tor ies  a r e  
identical a t  l eas t  to the pull-up point. 
indicates the s t a r t  of a l e s s  sensit ive region with respect  to pilot 
responsibilities after which some amount of touchdown control could be 
initiated. 
be investigated. 

A constant altitude mode whereby the pilot manually controls the 

The load-time his tory f o r  this mode is 

The dashed constant-velocity l ine 

Other modes and refinements to the present  emergency mode will 

4.2.2.1.4.2.3 Recovery. - Same a s  4.2.1.5. 

4.2.3 Lunar Orbit  Mission. - 

4.2.3.1 Translunar.  - The t ranslunar  phase of the lunar  orb i t  miss ion  

F r e e  re turn  capability m u s t  exis t  in case  injection 
must  satisfy all of the requirements  specified fo r  the t ranslunar  portion of 
the circumlunar  mission. 
into lunar  orb i t  does not occur.  

4.2.3.1.1 Initial Phase.  - 

4.2.3.1.1.1 Ascent. - Same as 4.2.2.1.1. 

4.2.3.1.1.2 Orbit. - Same as 4.2.2.1.2. 

4.2.3.1.2 Mid-course Phase.  - 
4.2.3.1.2.1 Injection. - Same a s  4.2.2.1.3.1. 

4.2.3.1.2.2 Coast. - Same a s  4.2.2.1.3.2. 

4.2.3.1.3 Terminal Phase.  - 
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4.2.3.1.3.1 Injection. - Injection into a c i rcu lar  lunar  orb i t  having an 

Figure 4-13 shows the perilune velocity a s  a function of t rans i t  
altitude of 100 nautical mi les  will occur  a t  perilune of the t ranslunar  
trajectory.  
t ime f rom translunar injection for  severa l  earth-moon distances. 
t rans i t  t ime l imits  a r e  established by t ra jec tor ies  whose t ransear th  phase 
enter  d i rec t  between inclinations of 0 and 62. 5 degrees.  
4-13 a r e  based on t ra jector ies  having t ranslunar  plane inclinations of 5 
degrees  to the moon's orb i t  plane. 
a t  perilune will increase with an increase  in translunar inclination. F igure  
4-13 also shows the velocity impulse required to inject  into a c i rcu lar  orb i t  
a t  perilune. 
velocity and c i rcu lar  orbi t  velocity. 
included angle between the velocity vectors.  
geometry is i l lustrated in Figure 4-14. 
provided to t ransfer  f rom c i rcu lar  to elliptical lunar orbits.  

The 

The data  in F igure  

Both the t ime to perilune and the velocity 

The solid l ines  a r e  simply the difference between perilune 
The dashed l ines include a 5 degree 

A performance capability will be 
Injection and lunar  orb i t  

4.2.3.1.3.2 Orbit. - Injection into a 100 nautical mi l e  c i rcu lar  lunar  
orbi t  f rom a f r e e  return circumlunar  t ra jectory r e s t r i c t s  the c i rcu lar  orb i t  
inclination to the moon's orb i t  plane to within about f l O  degrees.  
maneuver capability a t  injection increases  these limits to *15 degrees.  
Since the inclination of the moon's orb i t  plane to the lunar  equator plane is 
6. 68 degrees  (constant), the resulting inclination l imits  between the 
c i rcu lar  orb i t  plane and the lunar  equator plane are about 0 to 22 degrees .  
The c i rcu lar  orbi t ' s  ascending node on the lunar  orb i t  plane can assume 
any orientation from 0 to 360 degrees  a t  o rb i t  injection depending on the 
par t icular  combination of t ranslunar  and t ransear th  inclinations. The 
orientation of the node with respec t  to the earth-moon line of centers  will 
change with t ime elapsed in orbit ,  however, by the angular rotational r a t e  
of the earth-moon system. 
moon is established by the difference between the maximum total mission 
t ime (14 days) and the sum of the translunar and t ransear th  flight t imes.  
This is approximately eight days. 
would reduce this to four days. 

A 5 degree 

The l imi t  on t ime elapsed while orbiting the 

Consideration of daylight landing at ear th  

A lunar  satell i te o rb i t  i s  affected by perturbations f rom many sources ,  
p r imar i ly  however, by the attractions of the lunar  tr iaxial  ellipsoid and by 
the planet Earth. Of these two, the lunar tr iaxiali ty predominates. F o r  
instance, for  a c i rcular  orb i t  a t  100 nautical miles altitude it exceeds the 
effects of the ear th  by a factor of 14 to 1. The effects of the sun and the 
planets a r e  negligible. Approximate analytical, as well a s  numerical ,  
investigations in this a r e a  a r e  being conducted to determine the combined 
perturbational effects of ear th  and asymmetr ica l  moon as functions of orbital ,  
positional, and nodal parameters .  Although the var ious approaches have not 
yet yielded a comprehensive overal l  theory, prel iminary resu l t s  do indicate 
some representative values for the regress ion  of the node and for  altitude 
oscillations in typical orbits.  
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Specifically, f o r  a nominally c i rcu lar  orbi t  a t  100 nautical mi les  altitude 
over  the average lunar  surface at  an inclination of 10 degrees to the lunar  
equator, analytical resu l t s  indicate a secular  regression of the node of 1. 15 
degrees  pe r  day. 
orbi ta l  inclination. Numerical integration techniques have yielded a s imi la r  
value. 
mission,  the motion of the node w i l l  actually be positive (counterclockwise), 
r a the r  than negative. 
path, as presented on Figure 4-16, a representative total amplitude of 3, 500 
fee t  has  been numerically computed for  the above typical orbit ,  under neglect 
of the ear th ' s  attraction. 
integration, to be contributing an additional oscillation in altitude of the o r d e r  
of 250 feet. The inclination of the typical orbi t  of 10 degrees has  reduced the 
minimum altitude by about 43 feet f rom the equatoiial  o rb i t  value. Minimum 
altitude variation near  -c i rcular  orb i t s  m a y  be achieved by increased injection 
velocity in o rde r  to reduce the altitude oscillations with respec t  to the 
nominal sur face ;  values of l e s s  than 250 feet  amplitude may  be achieved. 

a 
Figure 4-15 presents  the dependence of this r a t e  upon 

It should be noted that f o r  re t rograde  orbits,  of in te res t  to the Apollo 

Similarly, for  the radial  oscillations of the vehicle 

The latter has  been found, again by numerical  

It may, therefore,  be concluded that stable lunar  orbi ts  may  be 
achieved a t  the 100 nautical miles altitude despite the formidable perturbing 
effects of Ear th  and t r iaxial  Moon. 
deviations accumulated in a perturbed lunar orbi t  mus t  be considered in the 
determination of velocity increment and direction required for  injection into 
the t ransear th  re turn  trajectory.  

The predicted positional and out-of-plane 

4.2.3.2 Transear th .  - 

4.2.3.2.1 Initial Phase.  - The c i rcu lar  lunar  orb i t  is effectively a 
parking orb i t  for  injection into the t ransear th  phase. 

4.2.3.2.2 Mid-Course Phase. - 

4.2.3.2.2.1 Injection. - Injection into the t rans  -earth t ra jectory must  
be possible a t  l ea s t  once during each revolution in the circular  orbit. The 
position in the orbit ,  velocity magnitude, and out-of -plane velocity component 
a t  t rans  -earth injection control the flight path angle, inclination, and t ime 
at ea r th  entry. 
fo r  injection va r i e s  a s  a function of t rans-ear th  plane inclination and the 
c i r cu la r  orbi t  ascending node position on the moon's orb i t  plane (measured  
CCW from the ea r th ' s  direction a t  the time of injection). The data a r e  for  
an injection velocity of 8,494 f t / s e c  and a circular  orb i t  plane inclination of 
1 5  degrees.  
out-of-plane component is zero  and the magnitude is the difference between 
injection velocity and c i r cu la r  orbit  velocity. 
the out-of-plane component is greatest. 
AV and out-of-plane angle required for  injection as a function of transearth 

Figure 4-1 7 i l lust rates  the manner i n  which the AV reqlLired 

The minimum AV for  each inclination curve occurs  when the 

The maximum hV occurs  when 
Figure 4-18 shows the maximum 
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flight time. 
t ime flexibility, required to r e tu rn  to a specific landing s i te ,  the AV 
necessary  fo r  injection will not exceed 4, 820  f t /  sec  r ega rd le s s  of the 
orientation of the c i rcu lar  orb i t  plane line of nodes. 

The horizontal dashed line indicates that for  a 24-hour flight- 

4.2.3.2.2.2 Coast. - The t ransear th  t ra jectory mus t  satisfy the same  - 
entry conditions established f o r  the t ransear th  portion of the circumlunar  
trajectory.  
to San Antonio and above the moon's orb i t  plane fo r  re turns  to Woomera. I The t ra jectory will lie below the moon's orb i t  plane for  re turns  

4.2.3.2.3 Terminal Phase.  - 4.2.2.1.4. 

4.2.4 Lunar Landing Missions (Phase  C). - 

4.2.4.1 Earth Orbital Rendezvous. - No firm requirements  for  this 
mission have been established. 

4.2.4.2 Lunar Orbital Rendezvous. - No firm requirements  for  this 
mission have been established. 

4.2.4.3 Direct. - 

4.2.4.3.1 Translunar.  - 
4.2.4.3.1.1 Initial Phase.  - 

e- 

4.2.4.3.1.1.1 Ascent. - The Apollo vehicle is launched f rom the AMR 
using the Nova. 

4.2.4.3.1.1.2 Orbit. - An ear th  parking orb i t  will  be  used to provide 
launch t ime flexibility fo r  the d i rec t  launch mode. 
parking orb i t  will be 100 nautical miles .  

F o r  the d i rec t  mode the 

4.2.4.3.1.2 Mid-course Phase.  - 
4.2.4.3.1.2.1 Injection. - The powered t ra jec tory  phase f rom ea r th  

orb i t  to translunar injection is performed by the third stage of the Nova 
Vehicle. 

4.2.4.3.1.2.2 Coast. - The t ranslunar  t ra jec tory  is designed to provide 
a I1free-return" circumlunar t ra jectory should an abort  be  necessa ry  p r io r  
to perilune. Midcourse correct ions during the t ranslunar  coast  period are 
made  using the lunar landing module landing engine. 
correct ion capability shall  be  500 f t /  sec. 

The maximum midcourse 
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4.2.4.3.1.3 Terminal  Phase,  - 

4.2.4.3.1.3.1 Injection. - Figure 4-1 9 shows the spacecraf t  t ra jectory 
in  the lunar  vicinity. 
increment  required for  injection into a 100 nautical mile orbit, including a 5 
degrees  planar change, will be provided by the retrograde engines. 
vector  control and vern ier  velocity control will  be provided by the landing 
engine. 

0 
A t  perilune of the translunar t ra jectory the velocity 

Velocity 

4.2.4.3.1.3.2 Orbit. - The spacecraft  will make one pass  over  the 
landing s i te  p r io r  to initiating the landing maneuver a t  100 nautical miles .  

4.2.4.3.1.3.3 Descent. - 

4.2.4.3.1.3.3.1 Lunar Orbital Transfer .  - A Hohmann t ransfer  f rom 
100 nautical mi l e s  to 50, 000 fee t  w i l l  be initiated by reducing the vehicles 
orbi ta l  velocity by approximately 11 5 f t / s e c  using the landing module's 
landing engine. 

4.2.4.3.1.3.3.2 Main Retro. - The main landing maneuver is initiated 
a t  the end of the Hohmann transfer.  
velocity and altitude to small values pr ior  to the landing phase. 
a l ternate  s teer ing modes a r e  being considered for  the main  r e t r o  maneuver. 
The two modes differ in their  direction of approach to the terminal point. 
F igure  4-20 shows the required main r e t r o  charac te r i s t ic  velocity for  a 
ver t ica l  approach to the terminal  point, as a function of the initial thrust  to 
weight ratio,  while Figure 4-21 corresponds to a horizontal approach. 

This maneuver reduces the vehicle 's  
Two 

0 

4.2.4.3.1.3.3.3 Landing. - The landing maneuver consists of a hover,  
translation, and landing mode beginning a t  an end r e t ro  altitude of 1, 000 ft.  
The hover and translation requirements for  the terminal  maneuver have not, 
a s  yet, been specified. 
charac te r i s t ic  velocity has  been added to the total requirements for  the lunar  
landing mission to account for  the landing maneuver a s  well as propulsion 
anomalies and control losses .  

F o r  preliminary design purposes 1,000 f t / s e c  

4.2.4.3.2 Transear th .  - The t ransear th  phase begins at lunar  launch 
and ends at ea r th  recovery. 
the serv ice  module. The total character is t ic  velocity required to perform 
the var ious miss ion  segments is shown in F igure  4-22 as a function of the 
launch thrust  to weight ratio. The t ransear th  t ra jec tory  requirements  a r e  
based on impulsive ver t ical  boosts f rom the surface of a spherical  moon 
which is in a c i rcu lar  orb i t  about a spherical  earth. The simplified model 
is the most  versa t i le  for  obtaining a f i r s t  approximation of the requirements  
at injection into the t ransear th  trajectory for  both the lunar  orb i t  and lunar  

A l l  propulsion during this phase is provided by 
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landing missions.  
independently of the orientation of the lunar  parking orb i t  o r  the location of 
the lunar  landing site. 
injection out of a 100 ,000  foot lunar orbit .  

The t ransear th  t ra jectory problem can thereby be studied 

Propulsion requirements  a r e  established by t ransear th  

4.2.4.3.2.1 Initial Phase.  - The initial phase of the t ransear th  
t ra jectory consists of boosting the vehicle into a 100, 000 f t .  c i rcu lar  parking 
orbit. 
position for  injection into the t ransear th  trajectory.  
p r ior  to ea r th  re turn may be used for  additional lunar surveillance. 

The vehicle remains  in the parking orb i t  until it is in the proper  
Multiple lunar  orb i t s  

4.2.4.3.2.1.1 Ascent. - The thrus t  of the serv ice  module engine is 

The spacecraf t  is 
20, 000 pounds and the result ing launch thrust  to weight ratio,  which is .447, 
minimizes the required total charac te r i s t ic  velocity. 
launched vertically f rom the lunar  surface using the lunar  landing module as 
a launch platform and is powered continuously into a 100,000 foot c i rcu lar  
lunar  orbit. 

To a f i r s t  approximation, any vehicle which injects into a t ransear th  
t ra jectory and satisfies a given se t  of terminal  conditions must  leave the 
lunar  vicinity along one of a family of selenocentric conics which have the 
same energy and parallel  asymptotes. The e r r o r  in the approximation is 
due to the change in the potential field as the plane of the conic is varied.  
Therefore,  the vertical  boost analysis can be used to make  a first 
approximation of the required energy and asymptote direction at injection 
to satisfy a given se t  of terminal  conditions. F o r  a given launch time, 
three terminal  conditions must  be satisfied; the inclination of the geocentric 
conic relative to the ea r th ' s  equatorial plane, the entry flight path angle, 
and the entry time. 
varying the conditions a t  injection into the t ransear th  trajzctory.  The plane 
of the lunar  parking orbit ,  and thus the launch azimuth, is defined by the 
lunar landing site radius vector  and the ver t ical  boost velocity vector  which 
satisfies the required terminal  conditions as shown in Figure 4-23. 

The three terminal  res t ra in ts  must  be satisfied by 

4.2.4.3.2.1.2 Orbit. - The direction of the asymptote of the seleno- 
centric conic is defined by the total impulse applied and the position of the 
vehicle in the parking orb i t  at the t ime of injection into the t ransear th  
trajectory.  
the asymptote of the selenocentric conic to be paral le l  to the ver t ical  boost 
velocity vector as shown in Figure 4-23. 

The required position at injection is determined by requiring 

4.2.4.3.2.2 Mid-course Phase.  - The mid-course phase begins with 
the injection into the t ransear th  t ra jectory and te rmina tes  a t  the entry 
altitude of 400, 000 f t .  
associated mid-course corrections.  

I t  includes the t ransear th  coas t  phase with its 
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4.2.4.3.2.2.1 Injection. - The total impulse at injection into the 

t r ansea r th  t ra jectory m u s t  be such that the energy of the resul tant  
selenocentric conic i s  equal to the energy of the ver t ical  boost recti l inear 
conic. The required impulse is obtained by relighting the se rv ice  module 
engine. Any s e t  of terminal  conditions can be satisfied if sufficient total 
impulse is available and there  a r e  no lunar  launch azimuth restrictions.  

F igures  4-24, 4-25, and 4-26 show some of the resu l t s  of the ver t ical  
boost analysis.  Figure 4-24 shows the t r ansea r th  t rans i t  t ime as a function 
of the ver t ical  boost velocity for  an entry flight path angle of -6.4 degrees .  
It can be seen  that the t rans i t  t ime can be var ied  by a s  much as twenty-four 
hours i f  sufficient total impulse is provided. Therefore ,  the vehicle could 
launch f rom the lunar sur face  at any t ime and r e tu rn  to a single ear th  landing 
site. 

It should be noted that the t ransi t  t ime inc reases  a s  the inclination of 
the ear th  conic relative to the plane of the moon's orb i t  about the ear th  
increases .  
33. 99 degrees  during the terminal  phase of the mission. 
requirements  have been established for the c i rcumlunar ,  lunar  orbit ,  and 
lunar  landing missions to minimize the GOSS requi rements  during entry. 
inclination of the ea r th  conic relative to the plane of the moon's orb i t  va r i e s  
throughout the month i f  the inclination of the conic relative to the equatorial  
plane is held constant. 
r e spec t  to the equatorial  plane, the inclination relative to the moon's orb i t  
plane m u s t  va ry  between 0.885 (29.480 - 28. 595) and 62. 55 (28. 595 t 33.990) 
degrees  when the inclination of the moon's orbi t  is a maximum (28. 595 
degrees).  When the inclination of the moon's orbi t  is a minimum (18. 305 
degrees) ,  the inclination of the ear th  conic m u s t  va ry  between 11.165 and 
52. 295 degrees .  
required inclination range. 
conic ( 0  relative to the moon's orbi t  plane as a function of the right ascension 
( e )  and declination (a) of the ver t ical  boost launch s i te  for  an entry angle of 
-6.4 degrees .  Figure 4-26 shows the ver t ical  boost velocity as a function of 
launch s i te  right ascension ( e )  and declination (a) and the inclination of the 
geocentric conic ( 0 .  
moon's orbi t  counterclockwise f rom the earth-moon l ine of cen te r s  at the 
t ime of launch. 
plane. 
the moon's orbit. Therefore ,  the declination can be measu red  either above 
o r  below the plane. F igu res  4-24, 4-25, and 4-26 can be used to determine 
the f i r s t  approximation of the launch azimuth, parking orb i t  coas t  angle, and 
injection velocity for a r een t ry  angle of -6.4 degrees  and a specified entry 
t ime and inclination of the geocentric conic. 

The lunar orb i t  miss ion  requi res  inclinations between 29.48 and 
The same  inclination 

The 

To stay within the requi red  inclination band with 

F igure  4-24 shows the var ia t ion in t rans i t  t imes  over  the 
Figure 4-25 shows the inclination of the geocentric 

The right ascension ( e )  is measu red  in the plane of the 

The declination ( @ )  is measu red  normal  to the moon's orbi t  
I t  should be noted that the model is  symmetr ica l  about the plane of 
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I 4.2.4.3.2.2.2 Coast. - Same as 4.2.3.2.2.2.. 

The nominal velocity a t  injection into the t r ansea r th  t ra jectory f o r  the 
lunar  landing mission is to be 8,800 f t / sec .  
mately four hours can be obtained by using the establ ished inclination of the 
geocentric conic by nominally launching so that the en t ry  will be along the 
eas t e rn  boundary of the GOSS track. A s  the launch is delayed, the inclination 
is decreased  reaching a minimum 29.48 degrees  after a two hour delay. 
Fu r the r  launch delays r equ i r e  an inclination inc rease  to the wes te rn  boundary 
of the GOSS track. The entry range angle requi red  is a minimum when 
entering along the e a s t e r n  boundary. Launch delays requi re  an inc rease  in 
the entry range angle reaching a maximum at the end of the launch window. 
If the entry range angle flexibility is not sufficient, the effective launch window 
w i l l  be decreased. Immediate launch f r o m  the lunar  surface can be accom-  
plished by reducing the velocity at injection into the t r ansea r th  trajectory.  
The velocity decrease  required is a function of the locations of the al ternate  
ear th  landing sites available and the allowable inclination var ia t ion of the 
geocentric conic. The velocity at injection at 100, 000 ft. mus t  be reduced 
to as low as 8,430 f t / s e c  i f  the alternate landing s i tes  specified for  the ea r th  
orbi t  miss ions  a re  used and the inclination restr ic t ions a r e  the same. The 
minimum velocity requirement  is dictated by launches during those t imes  of 
the month that the landing is in the northern hemisphere.  It is believed that 
this velocity is approaching the minimum acceptable injection velocity. 
Fu r the r  analyses, including the effects of eccentr ic i ty  of the lunar  orbit ,  a r e  
required to establish the minimum velocity. The minimum velocity requi red  
when returning to the southern hemisphere  is 8,530 f t / s e c  at 100,000 f t .  
The inc rease  is due to the availability of an additional alternate landing site.  
The injection velocity flexibility can be reduced by relaxing the geocentric 
conic inclination res t ra in ts  o r  by increasing the number of alternate ea r th  
landing sites.  The injection velocity flexibility m u s t  be increased ,  however, 
i f  the entry range angle flexibility is restr ic ted.  

A lunar  launch delay of approxi- 

~ 

4.2.4.3.2.3 Terminal  Phase.  - Same as 4.2.1.4. 

I 4.3 ABORT REQUIREMENTS 

4.3.1 General. - The integrated abort  sys tem shall provide an abor t  
capability for  all miss ion  segments.  
situations in which the abor t  mode may be s imi l a r  to o r  identical with the 
normal  flight mode. 

This abor t  capability will include those 

4.3.2 Typical Tra jec tor ies .  - 
4.3.2.1 Earth Orbital  Mission. - 
4.3.2.1.1 Ascent. - Ascent aborts  a r e  classified as atmospheric  and 

extra-atmospheric  aborts.  Atmospheric abor t  is accomplished by separat ing 
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*r -I the command module using a solid-propellant dual-propulsion system. The 
launch escape system (LES) shall separa te  the command module f rom the 
launch vehicle in the event of f a i l u r e  of the launch vehicle. The LES shall 
provide an abort  capability through first stage boost and fo r  the first 5 
seconds of second stage firing, after which i t  shall  be jettisoned. F o r  pad 
aborts ,  the command module shall be propelled to a minimum altitude of 
5, 000 feet  and a la te ra l  distance at  touchdown of a t  l ea s t  3,000 feet  without 
exceeding emergency crew tolerances o r  s t ruc tura l  l imits.  Figure 4-27 
i l lus t ra tes  typical pad abort  t ra jector ies  for  various thrust  offset angles and 
no control system. 
propelled a safe distance f rom a thrusting launch vehicle consonant with crew 
tolerances.  
acceleration experienced during three abort  conditions. When the atmos - 
pheric  abor t  system is used, the spacecraf t  crew have l i t t le o r  no control 
in selection of the landing site. Depending on the t ime of abort ,  the abort  
range can va ry  between a few miles  for  pad abort  to approximately 900 
nautical mi les  for  abort  jus t  pr ior  to escape tower jettison. 
possibility of recovery anywhere within this range must  be considered. 
escape tower is jettisoned shortly a f te r  second stage ignition and the ex t ra -  
a tmospheric  abort  is accomplished using the propulsion sys tem (in the 
serv ice  module). 
the orbi ta l  t ransfer ,  orbi ta l  ejection, and entry requirements.  Of p r imary  
importance during extra-atmospheric abort  (and also during high altitude 
atmospheric  abort)  are the g loads experienced by the spacecraf t  crew during 
atmospheric  entry. Also shown 
are the apogee limits fo r  10 -  and 20- g entry t ra jector ies .  The effects of the 
use of the Propulsion System were  not included. 
l imited for  the ear th  orbi ta l  mission, the abort  situation encountered during 
C-1 boost establishes the mos t  severe down-range landing requirements.  
Tentatively, four emergency landing s i tes  will be necessary  to a s su re  
continuous s i te  selection during second stage burning. 

0 

F o r  midboost aborts ,  the command module shall  be 

Figure 4-28 presents  typical t ime his tor ies  of the axial 

Therefore  the 
The 

The available character is t ic  velocity (2305 fps) was se t  by 

Figure 4-29 shows the boost abort  envelope. 
0 

Since the C-1 is payload- 

4.3.2.1.2 Orbit. - The dynamic requirements  for  abort  f rom orbi t  a r e  
The geometric requirements 

- 
identical to the ejection requirements 4.2.1.3. 
a r e  a l te red  only by the possible use of one of six al ternate  landing s i tes  to 
pe rmi t  abor t  f rom any orbital  pass around the earth. 
location of the pr imary  and alternate landing s i tes  a r e  as follows: 

The geographic 
(Table 4). 

Some eastward deviation of the s i te  locations in the northern hemisphere 
(westward deviation in the southern hemisphere)  is permissible  due to an 
overlap of landing coverage, providing the longitudinal spacing between 
adjacent s i tes  does not exceed 60 degrees.  
latitude is permissible  without an increase  in the required dogleg a t  orbital  
ejection. (See paragraph 4.2.1.3) 

However, no deviation in 
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Site No. Latitude Longitude 

1 29.48 N 99.00" w 

.- 

Approximate Lo cation 

San Antonio, Texas (pr imary)  

Table 4. Landing Site Locations 

Hawaiian Islands 
Japan 
Brazil  
Kermadic Islands ' Easter  Island 

1 Wcromera, Australia 

29.48 N 
29.48 N 

-29.48 S 
-29.48 S 
-29.48 S 
-29.48 S 

159.00' W 
141.00 E 
45.00 w 

105.00 W 
165.00 W 
135.00 W 

4.3.2.2 Lunar Missions. - 

4.3.2.2.1 Translunar.  - Considerable data mus t  be generated to 
es tabl ish properly the requirements for  translunar abort  within the 
framework of the following three c lasses  of emergency: 

Class  I: Minimum-time to re turn  to the earth. A Class  I abort  would 
be due to a catastrophic-type system fai lure ,  such as life support system, 
guidance, etc. Maximum s t r e s s  entry conditions a r e  required.  

Class  11: Short time re turn  to a specific landing s i te  using unrestr ic ted 

This requi res  only a single 

0 
landing azimuth. 
sys tem failure that has  a predictable decay rate.  
powered maneuver a t  the point of abort. 

This type abort  implies urgency and m a y  r e su l t  f r o m  a 

Class  111: Normal abort  to a specific landing s i te  through a specified 
This is a controlled two-impulse maneuver abort  and may  be entry track. 

the r e su l t  of mission cancellation, impending solar  f la res ,  excessive 
inser t ion e r r o r s ,  etc. 

4.3.2.2.1.1 Initial Phase.  - Abort during the ascent  phase is similar to 
abor t  f rom the ascent  phase of the orbital  mission, except that additional 
performance capability is available f rom the lunar mission configurations. 
Since the launch azimuth will \ 3ry a s  a function of launch t ime, l a t e ra l  
maneuvering will probably prove necessary  during boost abort. 
only one downrange site will be required f o r  successful abort  during lunar  
miss ion  boosts. 
f rom orb i t  during the ear th  orbital  mission with the exception that m o r e  
propellant is available for  planar change to land at a chosen site. 
inser t ion boost progresses ,  the capability of abort  to a pre-selected landing 
site becomes m o r e  difficult, and a t  inser t ion the flexibility is at a minimum. 

Tentatively 

Abort f rom the parking orb i t  is s imi la r  in aspect  to ejection 

As 
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0 Figure 4-30 is presented to indicate the choice of coplanar abort  range, and 
abort  t ime a s  a function of character is t ic  velocity applied at insertion. It 
may be  seen that for  the fully loaded capability of 10, 335 fps in the SM, an 
abort  t ime under 1 hour could be achieved. 

4.3.2.2.1.2 Midcourse Phase.  - Jf a n  emergency occur s  a f te r  
t ranslunar  injection and abor t  can be delayed some 16 minutes,  the space- 
craft  will have coasted to a flight path angle sufficiently high to permi t  a 
normal  abort .  
reference.  In general, though, no firm velocity requirement for 
mid-course abort  can be established until an  extensive pa rame t r i c  study of 
iiie 3 c l a s ses  of abor t . i s  made. 
Figure 4-3 1 presents  the charac te r i s t ic  velocity requirex2t;ts  as  a function 
of abor t  radius and des i r ed  date of re turn.  
o rde r  to re turn to the ear th  in two days (abort  for  solar  f l a r e s ) ,  a velocity 
increment of about 10, 000 fps i s  required.  

A typical t ranslunar  flight his tory may be used f o r  

F o r  a typical example of Class  I1 abor t ,  

Figure 4-31 indicates that in 

4.3.2.2.2 Lunar Vicinity. - 

4.3.2.2.2.1 Circumlunar.  - F o r  all lunar  missions the spacecraf t  
propellant tanks will be fully fueled. 
translunar and t ransear th  guidance correct ions,  9 ,335 fps charac te r i s t ic  
velocity remains on board for  abort. 
velocity increment could be  used to reduce t ransear th  t rans i t  t ime by as 
much as 24 hours. The residual fuel would then be  used to slow to an 
elliptical entry velocity. 
should exis t  in reaching a preselected landing site. 

Assuming that 1000 fps is required for  

(See Table 2. ) P a r t  of this 

Depending on the c l a s s  of abort, no difficulty 

4.3.2.2.2.2 Lunar Orbit. - The mos t  s eve re  performance requirements  
for  the lunar  orbi t  mission dictate an available charac te r i s t ic  velocity of 
9200 fps. Fo r  this mission, therefore,  as l i t t le as 1335 fps m a y  remain 
aboard for  reducing the t ransear th  t rans i t  time af ter  injection. 

4.3.2.2.2.3 Lunar Landing. - F o r  the lunar  landing mission an abort  
capability is maintained up to touchdown. Should abor t  prove necessary  
during the landing phase, only a small ver t ical  velocity need be  negated by 
the Propulsion System (in the service module). 
during main retro,  the Propulsion System can provide the required 
acceleration to pull up safely. 
always remain at  ea r th  entry i f  a nominal t ransear th  injection velocity of 
8800 fps  is used. 

Should abort  prove necessary  

F o r  this type of abort ,  r e s e r v e  fuel will 

4.3.2.2.3 Transear th .  - Abort during t r ansea r th  flight r e s t r i c t s  itself 
to reducing the t rans i t  time. F o r  the circumlunar  missions the maximum 
capability to reduce t rans i t  t ime exists while fo r  the lunar  landing mission 
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no t rans i t  t ime flexibility remains if the nominal flight plan is followed. 
Figure 4-32  shows the entry flight path angle limits as a function of the entry 
velocity that m a y  resu l t  f rom an aborted mission. 

0 
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5.0 DESIGN TRAJECTORY CRITERIA 

5.1 Nominal Trajector ies .  - The Spacecraft design shall  be 
compatible with all mission requirements through lunar  landing with the C-1 , 
C-5 and NOVA c la s s  launch vehicles. 
envelopes shall  be established for all missions based on flight plan design 
c r i te r ia .  
character is t ics .  They shall  fur ther  aid in identifying that flight phase and 
missions most  cr i t ical  to each spacecraft  system and subsystem. 
data, assumed to obtain the nominal t ra jec tor ies ,  shall consist  of design o r  
expected performance levels for  all  systems and designated standard 
environmental conditions . 

Nominal t ra jector ies  and t ra jectory 

These t ra jector ies  will f o r m  the basis  for  defining systems 

The basic  

5.2 Off-Design Trajectories.  - Off-design t ra jec tor ies  and t ra jectory 
envelopes shall  f o r m  the bas is  of final spacecraft  sys tems performance c r i -  
t e r i a  and guaranteed mission performance. F o r  each mission, flight phase, 
and configuration, deviations f rom the nominal o r  standard conditions in all 
i t ems  that affect  t ra jectory charac te r i s t ics  shall be assessed.  These i tems  
consis t  pr imari ly  of the following: 

(1) Aerodynamic and s t ruc tura l  tolerances 

(2) Propulsion tolerances 

( 3 )  Guidance and control tolerances 

(4) Environmental cr i ter ia .  

Assessment  of tolerances and expected deviations shall be consistent 
with overal l  sys tems reliability requirements  to meet  the specified mission 
success  and crew survival probabilities. 

5.3 Atmospheric Flight Phases.  - Atmospheric flight phases include 
boost, entry and recovery,  and aborted flights. Altitude -velocity charac te r  - 
i s t i c s  for  these phases a r e  i l lustrated in Figure 5-1. 

5.3.1 Boost. - The boost t ra jec%ory shall  be based upon the launch 
vehicle weights and aerodynamic coefficients indicated in the Spacecraft 
Launch Vehicle Integration Report  and the payload weights indicated in the 
Spacecraft  Description Manuals. Boost t ra jector ies  shall include the effects 
of: a rotating, oblate ear th;  launch azimuth; and, a standard wind profile 
and atmosphere.  Altitude variations of pressure ,  temperature ,  and density 
will be a s  recorded in NASA TN D-595, "A Reference Atmosphere for  
Pa t r i ck  AFB, Florida". 

To obtain maximum payload, boost t ra jector ies  will s t ee r  a zero  l if t  
t ra jec tory  until reaching a dynamic pressure  of 1 0  pounds per  square foot. 
Thereaf ter ,  an optimum altitude steering program wi l l  be used to optimize 
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payload into different burnout altitudes and velocities. 
burnout of a stage, there  is usually los t  overboard lubrication fluid o r  
hydraulic fluid, chill down, and pressurization gases.  F o r  t ra jectory 
computation, the estimated values of these i tems  will be  assumed to be 
discharged overboard at a constant r a t e  during stage burning. 
to these c r i t e r i a  w i l l  be made  for i t ems  expended specifically during 
separation of stages. 

Between ignition and 0 

The exception 

Except f o r  special  analyses, the normal  t ra jector ies  will not include 

Sufficient propellant shall be held in r e s e r v e  in each stage for  
t h rus t  variations,  buildup o r  cutoff impulse variations o r  mixture  ratio 
deviations. 
expected variations in mixture  ratio. 
specific impulse shall  be utilized to determine propellant flow ra t e s  and 
normal  engine burning time. 

The engine manufacturers  nominal 

5.3.1.1 C-1 Launch Vehicle. The p r imary  miss ion  of the C-1 
launch vehicle i s  to c a r r y  a payload into a c i rcu lar  ear th  orbit. A secondary 
mission i s  to c a r r y  a reduced payload to an atmospheric entry condition a t  
g rea t e r  than orbital  velocity. A d i rec t  mode of ascent  shall  be considered 
since the second stage has  no coast attitude control system f o r  engine res ta r t .  

The capability of both stages to continue flight with one engine failing 
enhances considerably the mission reliability of the vehicle. Alternate 
missions,  o r  t ra jector ies ,  shall be computed at reduced performance 
reflecting failure of one engine. 

The t ra jectory shall include the effects of the separation procedure. 
F o r  the C-1, the four inner  engines w i l l  cut off 6 seconds pr ior  to the 
outboard engines. 
seconds 

Ignition of the second stage is assumed to occur 1. 7 
after final cutoff of the f i r s t  stage. 

5.3.1.1.1 S-I Stage.- Trajectory performance of the S-I stage shall  
include the effects of propellant depletion during a 3 second mainstage 
holddown prior  to vehicle release.  
based upon 4 engines canted a t  3 degrees  and 4 engines canted a t  6 degrees. 

Axia l  thrust  of the S-I stage shall be 

5.3.1.1.2 S-IV Stage. - Axial thrust of the S-IV stage sha?! be b a a e d  
upon 6 engines canted a t  6 degrees. 

5.3.1.2 C-5 Launch Vehicle. - The p r imary  mission of the C-5 
launch vehicle is to c a r r y  payloads into c i rcu lar  ear th  orb i t s  o r  to ear th  
escape velocities. 
considered; however, t ra jector ies  shall  ref lect  the influence of no r e s t a r t  
capability for the S-I1 stage. 
vehicle w i l l  have the capability to continue flight with one engine failing. 
Alternate t ra jector ies  shall  be computed for this consideration. 

Direct  and indirect  (Hohmann) modes of ascent  shall be 

The f irst  and second s tages  of the C-5 launch 
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5.3.1.2.1 S-IC Stage. - The t ra jectory c r i t e r i a  re la ted specifically 
to this stage will be supplied when specific design details  a r e  available. 

5.3.1.2.2 S-I1 Stage. - The t ra jectory c r i t e r i a  re la ted specifically 
to this stage will be  supplied when specific design details  a r e  available. 

5.3.1.2.3 S-IVB Stage. - (Refer to 5.3.1.2.2) 

5.3.2 Entry. - The entry t ra jectory consis ts  of that  portion of the 
mission between the point where the vehicle f i r s t  reaches an altitude of 
400, 000 feet  (entry interface) and the point where the altitude has  finally 
been reduced to 100,000 feet  ( recovery interface). 
corresponds to the command module. 
aerodynamically by rotating the l if t-force vector about the velocity vector. 
A fixed aerodynamic trim angle of attack is achieved by offsetting the center 
of gravity. 
lift-drag ratio of 0. 5. 

The entry configuration 
The vehicle 's  path is controlled 

The trim condition is chosen on the bas i s  of achieving a maximum 

The command module sys tems shall  be designed to enter  the atmosphere 
a t  all  speed conditions up to escape speed a t  specified entry path angle limits 
without exceeding a 20 g load factor. 
flight profile however corresponds to lunar missions.  A l l  other missions,  
including aborted missions and survival flight profiles shall  be defined for  
establishing MCC, GOSS requirements  and special  c r i t e r i a  such as displays 
(for example). 

The cr i t ical  entry and subsequent 

5.3.2.1 Entry Corr idor  - Lunar Missions. - The entry cor r idor  depth 
shall be defined as the difference in conic (vacuum) perigee altitudes between 
the overshoot and undershoot boundaries. It shall  a lso be defined as the 
difference in minimum (overshoot) and maximum (undershoot) flight path 
angle a t  the interface altitude (400, 000 feet) assuming local escape velocity. 
Several  cor r idors  a r e  defined; i. e. (1) Design Corr idor ,  ( 2 )  Operational 
Corr idor ,  (3) Midcourse Guidance Corridor.  

5.3.2.1.1 Design Corr idor  Criteria.  - The design co r r ido r  depth and 
allowable entry conditions shal l  be determined on the bas i s  of standard 1959 
ARDC Atmosphere, spherical ,  non-rotating ear th ,  design aerodynamics and 
design loading conditions. 
initial entry (to pull-out) at positive L / D  = 0.5. The Overshoot Boundary 
shall  be defined by the minimum entry angle f o r  which a constant altitude 
capability exists at the initial pull-out point of the t ra jec tory  when the vehicle 
is instantaneously rolled to 85 percent of its maximum available negative 
lift. The Undershoot Boundary shall  be defined as that entry angle f o r  which 
a l o g  total load fac tor  is obtained during the initial a tmospheric  penetration. 
The boundaries of the design cor r idor  shall  be  used as the initial entry 
conditions for establishing Spacecraft  sys tems design t ra jector ies .  

The cor r idor  limits shal l  be based upon the 

A 20g 
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entry condition, although not a par t  of the cor r idor ,  shall  also be considered 
as a special  load for  lunar  entries. 
event of an extreme guidance system e r r o r  (for example) where the crew 
would s t i l l  survive provided the sys tems worked satisfactorily. 
special  load resu l t s  in an appreciable design penalty, this c r i t e r i a  shall be 
r e  -examined with regard  to i t s  probability of occurrence.  

This extreme case  could occur in the e 
If this 

5.3.2.1.2 Operational Corridor Limits. - The operational cor r idor  
boundary definitions a r e  the same as those of the design corr idor .  
cor r idor  l imi t s  however shall  reflect  the following i tems:  

The 

(1) 3 0  atmospheric deviations and altitude profiles 

( 2 )  *20% command module t r i m  aerodynamics 

(3) Pilot  response charac te r i s t ics  (to be determined) 

(4) Stabilization and control tolerances (to be  determined) 

(5) Guidance sensing tolerances (to be determined) 

The boundaries of the operational cor r idor  shall  be used as the initial 
en t ry  conditions f o r  establishing guaranteed performance envelopes. 
the operational cor r idor  depth shall represent  the absolute l imits  for  mid-  
course  guidance. 

F u r  the r, 

5.3.2.1.3 Midcourse Guidance Corridor.  - The design objective for  
the midcourse guidance shall be eight (8) nautical miles. This cor r idor  
depth shall be used in establishing path control systems design c r i t e r i a  and 
touchdown dispersions for  a specific range. 
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6.0 DESIGN TRAJECTORIES 

Tra j .  Y E N  
No. Deg. 

1 -5.3 
2 -7.4 
3 -7.4 
4 -10.0 

to 

qMAX GR bS MAX R t 
QS 2 PSF MAX BTU/FT‘-SEC BTU/FT N. MILE SEC 

90 2 340 97, 300 5440 1525 
450 10 600 64, 700 3510 1100 
450 10 600 42, 300 1157 464 
900 20 644 31 6 

6.1 Structural  Loads and Heating Trajector ies .  - The design t r a j ec -  
r i e s  to be used for loads and thermal sys tems analyses a r e  presented in 

F igures  6 - 1  through 6-4. These t ra jector ies  a r e  l imited to atmospheric 
flight and as such, represent  maximum loads and load durations for both 
s t ructural  and aerodynamic heating analysis. Four  t ra jector ies  define the 
design limits. These a r e  : (1) Maximum range f rom the design cor r idor  
overshoot boundary, (2)  Maximum range f rom the design cor r idor  under - 
shoot boundary, and (3) Minimum range f rom the design cor r idor  undershoot 
boundary, and (4) the minimum range t ra jectory corresponding to a 20g 
entry condition. 
The t ra jec tor ies  a r e  based upon the following conditions and assumptions: 

A summary  of these t ra jec tor ies  is presented in ‘Table 5. 

Initial entry conditions correspond to the Design 
Co r r i do r b o unda r i e s , 

The vehicle flight mode is res t r ic ted  to the atmosphere,  
i. e. , maximum altitude following entry is 300, 000 feet, 

The vehicle aerodynamics and loading correspond to 
(L/D)max = 0.5  and W/CDA = 50. 
by rol l  about the velocity vector. 
pull-out corresponds to a zero-degree bank angle, 

Standard 1959 ARDC Model Atmosphere, 

Initial conditions a r e  based on 400, 000 feet  altitude. 
Terminal  conditions a r e  based on 100, 000 feet  altitude, 

And non-rotating spherical  earth.  

The (L/D)  is modulated 
The entry maneuver until 

Table 5. Design Trajector ies  Summary 
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7.0 TRAJECTORY ENVELOPES 

7.1 Mission Duration Envelopes. - Tables 6 through 9 summarize,  by 
flight phase minimum, maximum and typical mission durations.  Only a 
typical t ime is given where the min/max times are unknown. 
burning times a r e  based on a T/Wo = .477 and landing module t imes  reflect  
a T /WO = . 640. 

Service module 

Times  shown a r e  not associated with an abort  situation. 

Table 6. Ear th  Orbital Mission Duration 

Phase  

Ascent 

0 rbi t  

Ejection 

Coast 

Ent ry  

Re cove r y  

Phase  

Ascent 

Orbit  

C i r  c urnlunar 
Injection 

Circumlunar 
Coast 

E n t r y  

Re cove r y  

Min. 

59 6 

1. 08  

16.6 

180 

ATIME 
Typical 

59 6 

23.9 

39.8 

694 

516 

663 

Max. 

619 

335 

68 

2000 

Units 

Sec.  

H r s .  

Sec.  

Sec.  

Sec.  

Sec.  

Re marks  

C-1 (Fu l l  fuel load) 
8 & 7 Engines 

Minimum, l e s s  than 
one orbit  

Ejection to entry 

600 to 7200 NM range 

Table 7. Circumlunar Mission Duration 

Min. 

38 

138 

930 

ATIME 
Typical 

552 

6 8  

234 

139.99 

60 1 

663 

-- 
Max. 

81 

139 

1550 

Units 

Sec.  

Min . 

Sec.  

H r s .  

Sec.  

Sec. 

Remarks 

C-5, 3 Stages to  
Escape Velocity 

Required t ime is a 
function of launch date 

Not f ree- re turn  

3000 to 5500 n. mi. 
range 
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4 2  

Phase 

Earth 
Ascent 

Ear th  Orbit 

Translunar  
Injection 

Translunar  
Coast 

Lunar Orbit 
Injection 

Lunar Orbit 

Transearch  
Injection 

T r a n  s e ar th 
Coast 

Entry 

Re cover y 

Table 8. Lunar Orbit Mission Duration 

Min. 

38 

66 

163 

2 

182 

59 .5  

930 

ATIME 
Typical 

552 

68 

234 

70.44 

180 

107.04 

242 

66. 3 

1368 

663 

Max. 

81 

71 

183 

190.9 

242 

71. 5 

1550 

~ 

Units 

Sec.  

Min. 

Sec.  

H r s .  

Sec.  

H r s .  

Sec.  

H r s .  

Sec.  

Sec.  

Remarks 

C-5, 3 stages to  
escape velocity 

Required t ime is a 
function of launch date 

3000 to  5500 NM range 
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Phase  

E a r t h  Ascent 

E a r t h  Orbit  

T rans  lunar 
Injection 

Translunar  
Coast  

Lunar Orbi t  
Injection 

Lunar Orbi t  

Hohmann 
Trans fe r  

Main Re t ro  

Lunar  Landing 

Lunar 
Ope rations 

Lunar  Ascent 

Lunar  Orbi t  

T r a n s  ear th  
Injection 

T r a n s  ear th  
Coas t  

En t ry  

Recovery 

Table 9. Lunar Landing Mission Duration 

Min. 

38 

66 

1 

0 

0 

96  

59.5 

930 

ATIME 
Typical 

5 05 

68 

3 60 

70.44 

133 

1.89 

3540 

180 

188 

111.41 

285 

1.58 

105 

62.35 

1368 

663 

Max. 

81 

71 

3.1 

175.85 

2.1 

105 

80.2 

550 

- 97 - 

Units 

Sec.  

Min. 

Sec. 

H r s ,  

Sec. 

Hrs .  

Sec.  

Sec.  

Sec. 

Hrs .  

Sec. 

Hrs .  

Sec. 

Hrs .  

Sec.  

Sec. 

R e m a r k s  

Typical NOVA 

Required t ime is a 
function of launch date 

May be 206.85 h r s .  , if all 
other t imes  a r e  minimum 

8450/8800 fps.  

3000 to  5500 NM range 
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7.2 Launch and Ascent Envelopes. - NO data  a t  this t ime.  

A 

X 

7.3 Space Operation Envelopes. - No data  at this t ime. 

7.4 En t ry  Envelopes. - 

7.41 Entry R.ange Envelopes. - Entry range envelopes (footprints) 
shall  be established at  the recovery interface based upon the overshoot and 
undershoot l imits of the Operational Corr idor .  
"guaranteed" performance envelopes shal l  be der ived ( s e e  sketch) for  (1) a 
flight plan res t r ic ted  to the atmosphere and ( 2 )  a controlled "skip-out" flight 
plan. 

F r o m  these footprints the 

The minimum guaranteed range shall  correspond to  the overshoot en t ry  
limit and human tolerance performance limit (1 Og maximum) constraints .  
The maximum guaranteed range shal l  correspond to the undershoot entry 
l imit  and the interrelations between t ra jec tory  sensit ivity,  guidance sensing 
accuracy and vehicle control  capability. 
following conditions and assumptions: 

These footprints shal l  ref lect  the 

1. Extreme density-altitude profiles.  These prof i les  shall include 
geographical and seasonal  variations encountered between 
*34-degrees of latitude ( see  sketch) 

- 9 8  - -L 
SID 6 2 - 3 3 8  



DENSITY 

2 .  The reduction of the t r im  L / D  f rom a value of 0 . 5  to a value 
of 
shall  be derived f rom a s ta t is t ical  evaluation of the ablation 

a t  the init ial  pull-out point of the entry t ra jec tory  

effects on t r i m  aerodynamics.  
W / C D A  shall  be 

The corresponding value of 

3 .  The atmospheric exit and re -en t ry  altitude shal l  be 300, 000 
feet  the controlled Ilskip-out” mode. In addition, this altitude 
shal l  be the limit for  atmospheric flight modes 

4. The total integrated heat load resulting f rom the maximum 
range design t ra jectory,  F igure  5-2 ,  shal l  not be exceeded. 
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